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ABSTRACT 
 
 RNA interference (RNAi) is a highly conserved cellular process whereby small regulatory 
RNAs bound to argonaute proteins produce sequence-specific silencing of longer complementary 
RNAs.  The agricultural biotechnology industry has taken advantage of RNAi to control insect pests 
through the use of transgenic crops expressing insecticidal RNAs.  Upon introduction of double-
stranded RNA into a pest, the complementary target messenger RNA is depleted and results in a lethal 
phenotype.  For reasons that are not fully defined, certain insects respond differently to orally 
introduced RNAs, leaving holes in the manageability of all agricultural pests through this promising 
new technology.  Furthermore, there are indications that insects may be able to develop resistance to 
crop-mediated RNAi through natural downregulation of RNAi pathway genes, among other proposed 
mechanisms.  Using bioinformatics, next-generation sequencing, and insect bioassays, eight genes 
essential for RNAi were examined in three important agricultural insect pests for their potential 
involvement both in the differing responses to exogenous RNAs observed across these insects, and in 
development of resistance to insecticidal RNAs.  These genes include drosha, dicer-1, dicer-2, pasha, 
loquacious, r2d2, argonaute 1, and argonaute 2. 
 Putative homologues of the well-characterized Drosophila melanogaster genes were identified 
in the western corn rootworm (Diabrotica virgifera virgifera), fall armyworm (Spodoptera frugiperda), 
and southern green stink bug (Nezara viridula) and compared using translated gene products.  All genes 
were present in each insect and most showed conservation of basic protein domain structure, but 
differences in the number of isoforms and expression level of pasha, loquacious, r2d2, argonaute 1, 
and argonaute 2 were found.  Sequencing experiments in each insect revealed the presence of small 
RNAs typical of the products of RNAi pathways, including conserved microRNAs.  Abundance and 
distribution of these RNAs varied across life stage and insect.  Finally, transcript depletion experiments 
were conducted in rootworm, and adverse phenotypic effects for each gene were observed.  Taken 
together, these results suggest that while differences in these eight genes could contribute to variation 
xiii 
in the RNAi pathways of these insects and therefore to variation in response to exogenous RNAs, they 
are unlikely to promote development of resistance to RNAi-based technology through expression 
pattern changes. 
1 
CHAPTER 1.  GENERAL INTRODUCTION 
 
Overview 
Control of agricultural pests through use of genetically engineered crops is an important part 
of a multifaceted solution needed to sustainably meet the nutritional demands of a growing world 
population [1, 2].  Utilization of molecular techniques such as RNA interference (RNAi)-based 
technology in transgenic crops is currently being widely explored (reviewed in [3-6]), with the first 
plant expressing an insecticidal RNA trait targeted for commercialization in 2020 [7].  RNAi 
encompasses mechanisms of both transcriptional and post-transcriptional gene control in which specific 
DNA is blocked from being transcribed, or transcribed RNA is targeted for repression or degradation 
(reviewed in [8, 9]).  This general process, first discovered in Petunia and described in Caenorhabditis 
elegans, is highly conserved across plants and animals [10, 11].  RNAi can occur through several 
parallel pathways, each mediated by different types of small RNAs (sRNA) ~20-30 nucleotides (nt) in 
length, including microRNA (miRNA), small interfering RNA (siRNA), and P-element-induced wimpy 
testis (Piwi)-interacting RNA (piRNA). 
Understanding of RNAi pathways has come through study of model organisms such as C. 
elegans, Drosophila melanogaster (common fruit fly), and Arabidopsis thaliana.  It seems clear that 
the basic mechanisms are present in all plants and animals; however, differences in the minutiae of 
these mechanisms across organisms can affect various characteristics of the RNAi response, including 
life stages and tissues in which different pathways function and overall gene regulatory outcomes [8, 
12].  Less clear is whether such RNAi pathway differences manifest between more closely-related, non-
model organisms.  Addressing uncertainty regarding presence, characteristics, and functionality of the 
components of RNAi pathways specifically in non-model insects can have important implications to 
the successful application of RNAi for insect control.  The work described herein focuses on increasing 
the body of knowledge surrounding RNAi in three agriculturally valuable insect pests:  Diabrotica 
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virgifera virgifera (western corn rootworm – WCR), Spodoptera frugiperda (fall armyworm – FAW), 
and Nezara viridula (southern green stink bug – SGSB). 
 
RNA Interference Pathways in Insects 
It is known from model systems that RNAi pathways within a single organism differ in the 
proteins involved, source of precursor RNA from which sRNAs are generated, and exact mechanism 
and result of target silencing [8].  In general, long single-stranded or double-stranded (ss- or ds-) RNA 
is enzymatically processed into small dsRNA duplexes of ~20-30 nt by endoribonucleases [13-15].  
One strand of a sRNA duplex will be loaded into an argonaute protein family member, potentially with 
assistance from a double-stranded RNA binding protein (dsRBP), forming an RNA-induced silencing 
complex (RISC) [8].  A RISC binds complementary ssRNA targets, resulting in their silencing [8].  The 
RNAi pathways of the fly D. melanogaster are among the best understood and may serve as a model 
system for study of RNAi in other insects.  The D. melanogaster proteins most directly involved in 
producing the interference response have been characterized, and are considered “core” RNAi 
machinery.  These include the ribonuclease III (RNaseIII) family member proteins Drosha, Dicer-1 
(DCR-1), and Dicer-2 (DCR-2), the dsRBPs Pasha, Loquacious (LOQS), and R2D2, and the argonaute 
family member proteins Argonaute 1 (AGO1) and Argonaute 2 (AGO2).  In the following sections, the 
core machinery of the mi- and siRNA-mediated RNAi pathways are reviewed due to current general 
interest in use of these pathways for insect control; the piRNA pathway is discussed in later studies and 
so is also introduced below. 
Canonical roles of RNAi pathways 
The miRNA pathway functions primarily in post-transcriptional regulation of gene expression 
(Figure 1.1).  In D. melanogaster, the ~1000 nt RNAs that trigger the miRNA-mediated RNAi response 
are endogenously expressed, the sources of which may include pre- or post-excised introns, or specially 
transcribed  non-coding RNA [16-18].   These primary  miRNAs (pri-miRNAs)  are ssRNAs that  fold  
3 
 
Figure 1.1.  Canonical view of RNA interference pathways mediated by microRNA and small interfering RNAs 
in D. melanogaster (modified from [219]).  The miRNA pathway is triggered by RNAs containing 
bulges and stem-loop structures, such as certain specially transcribed non-coding RNAs or introns.  
Levels of processing occur in the nucleus and cytoplasm by the RNaseIII family members Drosha 
and DCR-1, and their dsRBPs Pasha and LOQS, to yield miRNA duplexes.  One strand of the 
miRNA duplex is loaded into AGO1 by the RLC, resulting in a RISC.  The siRNA pathway is 
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activated by long regions of perfectly paired dsRNA, which are processed in the cytoplasm by the 
RNaseIII enzyme DCR-2 and its dsRBP R2D2 into siRNA duplexes.  A guide strand is selectively 
loaded into AGO2 while the passenger strand is expelled and degraded.  The mi- and siRNA-loaded 
RISCs bind to complimentary regions on other RNAs, resulting in repression or cleavage. 
 
with imperfect complementarity, often containing a number of hairpins or larger stem-loop structures 
[19].  The pri-miRNAs are shortened to ~65-70 nt precursor miRNAs (pre-miRNAs) by the 
microprocessor complex, composed of Drosha and its dsRBP Pasha (Partner of Drosha) [20].  Pre-
miRNAs are exported from the nucleus to the cytoplasm through the nuclear export receptor Ranbp21, 
where they then associate with DCR-1 [14, 21].  DCR-1 processes pre-miRNA into small ~22 nt 
duplexes, and one strand of the duplex—the mature miRNA—is preferentially loaded into AGO1 based 
on greater thermodynamic instability of its 5’ end [22, 23].  The other strand—the miRNA* (“miR 
star”)—may be degraded or may also be loaded into an AGO [24, 25].  DCR-1 and AGO1 are assisted 
by the dsRBP LOQS [26-28].  DCR-1, AGO1, and LOQS form the basic RISC-loading complex (RLC) 
of the miRNA pathway, while AGO1 loaded with a miRNA constitutes the miRNA RISC (miRISC) 
[29].  A miRISC searches for regions typically within the 3’ untranslated regions of transcripts 
containing exact complementarity to the miRNA seed sequence, a heptametrical nt series commonly at 
positions 2-8 from the miRNA 5’ end (reviewed in [30]).  The remainder of the miRNA sequence may 
contain less than perfect complementarity, resulting in one miRNA having the ability to regulate many 
transcripts.  Translationally repressed transcripts bound by miRISC have been found in processing 
bodies, endosomes, and multivesicular bodies—sites of mRNA storage and turnover [30]. 
The siRNA pathway in D. melanogaster and other insects is thought to be the major defense 
against invading viruses (reviewed in [31]).  Triggering exogenous dsRNAs contain long, perfectly 
base-paired sequences which enter the cell through various uptake machinery [32, 33].  In the case of 
viruses, these dsRNAs can be ~10,000-30,000 base pairs (bp) in total length [34].  Once in the 
cytoplasm, they are processed by DCR-2 into 21-25 nt duplexes (Figure 1.1) [13].  Similar to the 
processing of miRNA duplexes, one strand of the siRNA duplex—the guide—is preferentially loaded 
into AGO2 while the other strand—the passenger—is degraded by AGO2 and the C3PO complex of 
5 
Translin and TRAX [35-37].  DCR-2 and AGO2 are assisted by the dsRBP R2D2; together these three 
proteins form the minimal RLC of the siRNA pathway [38, 39].  The active siRNA RISC (siRISC), 
composed of a 3’ terminal 2’-O-methylated guide strand loaded into AGO2 [40] , will survey ssRNA 
for exact complementarity to the guide strand.  Once discovered, ssRNA matched to the full length of 
the guide strand is cleaved through the endonucleolytic activity of AGO2 [41].  Unlike the miRISC, a 
siRISC typically displays high target specificity due to increased target complementarity with the 
guiding siRNA.  Studies in D. melanogaster and other non-dipteran insects indicate that the siRNA-
mediated silencing signal can spread to cells beyond those initially contacting exogenous RNAs, a 
phenomenon known as non-cell autonomous RNAi (reviewed in [42, 43]).  Evolutionarily selected as 
a way to halt the spread of a viral infection [44-46], non-cell autonomous RNAi is also advantageous 
for spreading the effects of insecticidal RNAs.  Insects do not contain RNA-dependent RNA 
polymerases (RdRPs) to propagate and amplify dsRNAs, as do other organisms displaying non-cell 
autonomous RNAi such as C. elegans and A. thaliana [42, 47].  It is therefore unclear how the silencing 
signal is spread throughout these animals. 
Of the D. melanogaster RNAi pathways, understanding of that producing piRNAs is least 
advanced.  The most well-defined role of this pathway is protection of germline cells from genomic 
instability caused by unregulated transposable element activity [48, 49].  The biogenesis of piRNAs is 
complex and begins with transcription of primary piRNAs from piRNA clusters ([49], reviewed in 
[50]).  Transcripts are exported from the nucleus and processed into intermediate piRNAs bearing a 5’ 
uracil by the endoribonuclease Zucchini (Zuc) in either nuage structures or Yb-bodies, depending on 
cell type [15, 51].  Following loading into an argonaute family member protein, the piRNAs undergo 
either another cleavage by Zuc to form the 3’ end, or are resected to a mature length of 26-31 nt by an 
exonuclease—potentially Nibbler or an unknown ‘trimmer’ enzyme [52-57].  Similar to the siRNA 
pathway, a mature piRNA RISC (piRISC) is composed of an argonaute family member protein loaded 
with a mature piRNA 2’-O-methylated at its 3’ terminus by the methyltransferase Hen1 [40, 58].  Three 
argonaute proteins participate in the piRNA pathway: Aubergine (Aub) and Argonaute 3 (AGO3) in 
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post-transcriptional silencing of transposable elements, and Piwi in transcriptional silencing [59, 60].  
Following initial transcription of a piRNA cluster, ping-pong amplification of secondary piRNAs 
occurs when piRISC containing Aub cleaves active transposon transcripts, which then form the 5’ ends 
of new sense piRNAs to be loaded into AGO3 and matured through trimming and methylation [56, 57].  
Active piRISC containing AGO3 cleaves cluster-generated transcripts for association with Aub, which 
are then processed for loading into Aub or Piwi [52, 53].  Aub-loaded piRNAs continue the ping-pong 
cycle, while Piwi-loaded piRNAs move to the nucleus [61]. 
Non-canonical roles of RNAi pathways 
Though the RNAi pathways have been depicted as separate, parallel mechanisms with distinct 
purposes (Figure 1.1), many core proteins in D. melanogaster demonstrate unusual or cross-functional 
roles.  In the canonical pathways, DCR-1 has been implicated as necessary for efficient siRISC 
assembly, and DCR-2 can participate in RLCs using DCR-1 products [14, 62].  LOQS participates in 
the siRNA pathway by assisting DCR-2 with dsRNA processing, while R2D2 acts downstream in the 
siRNA RLC [63].  The sorting of sRNAs into either AGO1 or AGO2 depends on the amount of 
secondary structure present in precursor duplexes, with the presence of mismatches directing RNAs 
into AGO1 and their absence directing into AGO2 [62, 64].  Some miRNA duplexes containing 
extensive complementarity, such as miR-1 and miR-277, sort primarily into AGO2 and can direct 
cleavage of target mRNAs [24, 62, 64, 65].  Both AGO1 and AGO2 can form active RISCs with 
miRNA*s, though most preferentially sort into AGO2 and are end-modified like si- and piRNAs [25, 
65].  Additionally, AGO2 has been found capable of DCR-1-independent processing of select pre-
miRNAs [66].   
Surveying beyond the core RNAi machinery hints at even more pathway interrelation.  The 
C3PO complex competes with Dicer for pre-miRNA processing in Homo sapiens [37, 67].  Arsenite-
resistance protein 2 (Ars2) functions upstream of both miRISC and siRISC by physically interacting 
with microprocessor and DCR-2 [68].  Several other auxiliary RNAi proteins such as Fmr1 and Tudor 
have also been shown to either function in or physically interact with key participants of both the mi- 
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and siRNA pathways [69-72].  RNAi pathway proteins can also have roles outside of RNAi, such as 
the activation of Vago, a functional homologue of mammalian interferon, by DCR-2 sensing of viral 
RNA and subsequent activation of the Jak-STAT antiviral pathway in neighboring cells [73, 74].  
Though knowledge of these proteins is still being generated, at a molecular level it is evident that in 
order to promote organism health, RNAi pathway components depend on interactions with each other 
and with other proteins. 
Sources of RNAs triggering RNAi pathways can also vary and affect pathway function.  For 
example, substrates of the D. melanogaster siRNA pathway can come from endogenous sources such 
as cis-natural antisense transcripts, hairpin RNAs (hpRNAs), and retrotransposons [75-78].  They are 
processed by DCR-2 and a specialized isoform of LOQS, LOQS-PD, to produce 21 nt endogenous 
siRNAs (endo-siRNAs) which are primarily loaded into AGO2 with the help of R2D2, though in select 
cases can load AGO1 [75, 76, 79-85].  The purpose of these endo-siRNAs is thought to be similar to 
piRNAs in the germline—that is, silencing via a ‘canonical RNAi’ role in the cytoplasm of somatic 
cells using hpRNA-derived siRNAs, and transcriptional silencing of mobile elements in somatic nuclei 
via retrotransposon-derived siRNAs [86].  Endo-siRNA involvement in transcriptional silencing 
explains previous observations of DCR-2 in the nucleus and its interaction with the co-transcriptional 
mRNA 3'-end processing core cleavage complex [86, 87].  Furthermore, observations made in non-
drosophilids show that functional miRNAs may be gained from exogenous sources [88-90], and the 
piRNA pathway may be involved in both antiviral and gene regulatory activities (reviewed in [31, 91]). 
 
RNA Interference for Insect Control 
The ubiquity of RNAi across organisms, combined with high target specificity and flexibility 
of both choice of target genes and types of exogenous triggering RNAs, make it ideal for exploitation 
in agriculture.  Indeed, great interest has been shown in applying this technology to all manner of crop 
pests in the ten years since the first examples of successful plant protection via exogenous RNAs were 
reported (reviewed in [6]).  An ideal way to target pests with RNAi technology is through transgenic 
8 
crops stably expressing RNAs which target essential insect genes.  Insects are exposed to these RNAs 
after feeding on transgenic plant material, and the insects’ own RNAi pathways mediate destruction of 
target gene mRNAs.  However, it has become apparent that different insects have assorted responses 
to environmentally-introduced RNAs which trigger the RNAi response, a process known as 
environmental (e)RNAi.  Insects from the phylogenetic order Coleoptera (beetles) typically respond 
robustly to eRNAi via oral feeding, whereas members of the orders Lepidoptera (butterflies and moths) 
and Hemiptera (true bugs) often show sporadic gene knockdown within and across species (reviewed 
in [92, 93]).  Variation in eRNAi across these insect orders is poorly understood and speculated to be 
caused by differences in one or more of the following: RNase abundance and activities in saliva and 
gut, RNA uptake, presence and activities of RNAi pathway machinery, target gene selection, and RNA 
dosing amounts (reviewed in [5, 94]).  Though progress has been made in targeting some lepidopteran 
and hemipteran pests with plant-mediated RNAi (Table 1.1), there are still gaps in the ability to control 
large-scale agricultural pests belonging to these orders.  Due to their impact on economic and global 
agricultural sustainability factors, WCR, FAW, and SGSB are representative coleopteran, lepidopteran, 
and hemipteran pests against which it would be highly desirable to develop RNAi-based control 
technology. 
Coleoptera and the western corn rootworm 
Native and invasive coleopteran pests are a major problem worldwide, costing well in excess 
of $15 billion dollars in 2014 when surveying across 33 species [95, 96].    Though plant-mediated 
eRNAi has only been demonstrated for two coleopteran crop pests (Table 1.1) [97-100], a multitude of 
additional species have been shown as responsive to dsRNAs in laboratory diet bioassays [97, 101-
104].  These include beetles from the families Chrysomelidae, Tenebrionidae, Brentidae, and 
Buprestidae.  Collectively, these observations have led to the conclusion that this insect order is 
generally amenable to oral eRNAi. 
The monophagous chrysomelid WCR (Figures 1.2 and 1.3) feeds exclusively on Zea mays 
(maize), has been  introduced into  Europe from North  America multiple  times, and  costs farmers  an   
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Figure 1.3.  Insect mass throughout the life cycles of WCR, FAW, and SGSB.  Five samples of aggregated 
insects from nine life stages of each insect were weighed, and the median mass per insect (± median 
absolute deviation) was calculated and displayed.  The nine life stages for which mass was measured 
are shown in Figure 1.2, and for WCR include EE, LE, 1st through 3rd instars, P, AM, AF, and PF; 
for FAW include EE, LE, 1st, 3rd, and 6th instars, P, AM, AF, and PF; and for SGSB include EE, LE, 
1st through 3rd and 5th instars, AM, AF, and PF. 
 
estimated $1.12 billion in field inputs and lost revenue annually in the United States alone [96, 105-
107].  As univoltine insects, they produce one generation per year with an obligate egg diapause [105, 
108].  In the field, diapaused eggs overwinter in soil and hatch in spring, after which young larvae seek 
out and burrow into maize roots to feed on root tissue.  This causes severe root impairment, plant growth 
inhibition, and yield reduction; loss of even one root node per plant can result in a ~15% reduction in 
kernel yield [105, 109].  WCR larvae progress through three instars of growth before pupating in the 
soil and emerging as adults that can also reduce yield through feeding on maize silk and pollen [105, 
110].  A single WCR female lays up to 1,000 eggs in her lifetime [111].  Main management strategies 
have included chemical and proteinaceous pesticides and exploitation of the egg-laying behavior of 
WCR females [112].  Nevertheless, incidents of field-evolved partial resistance to crop rotation 
practices and all current major insecticidal agents including the Bacillus thuringensis (Bt) binary toxins 
Cry34/35Ab1 have now been reported ([113], reviewed in [114]).  Development of alternative control 
mechanisms is critical for continued management of this pest. 
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WCR was one of the first insect pests for which control by plant-mediated eRNAi was 
confirmed, and the first announced target of an intended commercial dsRNA-expressing transgenic 
maize variety [97, 115].  Effects on the reproductive capability of WCR have also been observed in 
response to diet- and plant-based eRNAi [99, 116].  However, successful use of the technology is only 
a partial story; sustained or expanded use of insecticidal RNAi crop traits will depend on increased 
understanding of the WCR RNAi pathways.  Recent publications have included sequence information 
for the RNAi pathway genes drosha, dcr-1, dcr-2, ago1, ago2, ago3, and aub [117-119].  Those 
publications further focused on development of a functional assay to establish involvement of WCR 
genes in the siRNA pathway, and evaluation of gene knockdown consequences separately on WCR 
larval and adult stages [117-119].  Detailed identification and follow-up functional evaluation of all 
core genes known to be involved in the D. melanogaster mi- and siRNA pathways has not previously 
been conducted in WCR. 
Lepidoptera and the fall armyworm 
Cost of lepidopteran pests approached an estimated $11 billion worldwide in 2014 [95].  This 
has served as motivation for numerous studies conducted on use of RNAi for lepidopteran control.  
Plant-mediated eRNAi has been demonstrated for six agricultural pests from this phylogenetic order, 
including multiple target genes within the same species and use of transgenic artificial miRNAs (Table 
1.1) [90, 120-131].  Diet bioassays with representatives of an additional five families have also detected 
phenotypic effects from target knockdown (reviewed in [92]).  Despite these reported successes, 
development of eRNAi approaches for highly efficacious lepidopteran management has been slow. 
Increased presence of dsRNA degrading nucleases (dsRNases) has been found in both the 
hemolymph and gut fluid of Manduca sexta and Heliothis virescens compared with other insects that 
are more sensitive to eRNAi [132-134].  Studies in lepidopteran-derived cell lines, including BTI-TN-
5B1-4 (Hi5) from Trichoplusia ni ovary, SPC-SI 52 derivation (Sl2) from Spodoptera littoralis 
ovariole, IPLB-Sf21AE derivation (Sf9) from FAW ovary, and IPLB-HvE6 (Hv-E6) from H. virescens 
egg, have shown that dsRNA can be uptaken by cells from many lepidopteran insects [92, 133].  In 
12 
contrast, a cell line from a different lepidopteran, BmN4 from Bombyx mori ovary, could not efficiently 
take up dsRNA from medium [135].  Despite effective uptake by certain cell lines, production of 
siRNAs were not measurable in several of those cell types or in tissue excised from the parent organisms 
[133].  Moreover, in Sf9 cells and excised FAW tissues dsRNA does not escape from endosomes and 
so cannot be processed by the RNAi machinery [136].  RNAi pathway genes themselves have also been 
observed to be inadequately expressed in Lepidoptera.  In one case, r2d2 and translin were found to 
have low expression and deleterious mutations in B. mori Bm5 ovarian cells, and in another, translin 
was again found to express poorly in M. sexta tissues [137].  Together, these suggest that there are 
likely several contributing factors for poor lepidopteran response to eRNAi, and that these factors could 
vary across individual species. 
FAW (Figures 1.2 and 1.3) is a major noctuid pest of maize—especially in Brazil where the 
cost to farmers now likely well exceeds the $600 million estimated in 2010 due to continual increases 
in large-scale agriculture [138].  FAW inhabit both South and North America, but cannot survive cold 
temperatures and do not undergo diapause [139].  Annual infestations observed in southern Canada and 
the northern United States stem from overwintering populations in Texas and Florida [140].  Outbreaks 
of invasive FAW have now also occurred in Africa, and costs are predicted at more than $2-5 billion 
across 10 countries [141, 142].  This polyphagous insect has been noted to feed on at least 80 plant 
species, 30 of which are cultivated crops [139, 143, 144].  Newly oviposited eggs typically appear on 
the undersides of leaves and upon hatching, larvae consume plant material through a “bite-and-chew” 
feeding style [145].  On maize, larvae can feed extensively on young foliage but prefer the ear zone 
(silk and developing kernels) when available [145, 146].  Amount of material consumed through 
development increases exponentially, with ~93% of material ingested by the last two of six instars 
[139].  Even one larva can reduce the kernel yield of a maize plant by up to 20% [147].  Larvae drop 
from plants to pupate in the soil, emerging as moths that begin reproducing after about four days [139].  
Females can lay over 2,000 eggs, and the species averages eight generations per year in tropical climates 
[148].  FAW has developed field-evolved resistance to 24 different chemical insecticides, as well as 
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certain maize expressing Bt toxins (reviewed in [149]).  Similar to WCR, finding alternative control 
technologies for this pest is increasingly important. 
Successful feeding and injection of dsRNA targeting FAW genes has twice been reported, but 
consistent gene knockdown in this insect has been challenging [150, 151].  This response may be due 
in part to endosomal entrapment [136]; however, additional RNAi pathway components in this insect 
other than uptake and intracellular transport have not been extensively explored.  An identification 
screen for pathway genes, including comparison of putative homologues to known representative 
proteins and functional validation using a reporter gene, has been conducted in IPLB-Sf21AE (Sf21) 
cells [152].  This study indicated recovery of seven of the eight core genes of the mi- and siRNA 
pathways.  Though informative in many respects, those results may be incomplete due to analysis of a 
cell line rather than the parent organism.  Additionally, those sequences have not been made publically 
available for further study. 
Hemiptera and the southern green stink bug 
In 2014, invasive hemipteran pests were estimated to cost $3.6 billion worldwide [95].  Effects 
of plant-mediated eRNAi with both dsRNAs and artificial miRNAs have been reported for six species 
representing five families (Table 1.1) [89, 153-166].  However, similar to Lepidoptera, these insects 
have also been observed to show species-dependent responses to oral eRNAi.  Laboratory-based studies 
with eleven other hemipteran pests have primarily been accomplished through injection of dsRNA 
directly into the body cavity (reviewed in [93]).  One of the main reasons for this order’s poor response 
is thought to be due to their feeding style.  Hemipteran mouthparts form a stylet, which they use for 
piercing tissues and sucking fluids, or “pierce-and-suck” feeding [167].  Those that subsist on plants 
begin digestion of starches in phloem or new plant growth, fruits, and seeds by injecting salivary 
enzymes and aspirating the partially digested material [167].  Several studies have identified dsRNases 
within the genomes or demonstrated degradation of dsRNA in the salivary secretions of hemipterans, 
including Lygus lineolaris, Acyrthosiphon pisum, and SGSB [168-170]. 
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A pentatomid pest originating in Ethiopia, SGSB (Figures 1.2 and 1.3) now infests tropical and 
subtropical regions of Africa, Asia, Europe, and North and South America [171, 172].  Though this 
polyphagous insect can feed on over 150 plant species, it is especially relevant to Glycine max (soybean) 
and Gossypium hirsutum (cotton) growers, with 2015 costs in the southern United States totaling $33.5 
million [173-175].  Egg masses containing 30-130 eggs are oviposited on the undersides of leaves, and 
newly emerged first instar nymphs aggregate and do not feed until transitioning to second instar [176, 
177].  Feeding of the last two instars—the fourth and fifth—as well as adults on soybeans results in the 
greatest injury; a rate of three bugs per ten plants can result in ~70% damaged beans and an overall 
reduction in bean oil content of 26% [178].  On cotton, a fifth instar can cause sufficient damage to a 
boll to reduce its yield by 59% [179].  A larger problem results from SGSB spreading Pantoea 
agglomerans, a causative agent of boll rot which can itself cause 10-15% yield loss across a cotton field 
[180].  SGSB undergo a reproductive diapause and adults overwinter within protected structures such 
as bark, though are highly sensitive to low temperatures [177].  Four to five generations per year are 
observed for this bug, with females potentially producing over 260 eggs each (reviewed in [177]). 
No widespread resistance to current chemical insecticides has yet been reported in SGSB and 
other stink bug species in the southern United States [181].   As these pests become a greater problem 
due to range expansion and movement toward reduced chemical usage, however, plant-incorporated 
protectants such as insecticidal RNAs will become more crucial to management strategies [172, 180].  
Nothing is directly known about RNAi pathways in SGSB, likely a combination of their lower 
economic impact and the presence of nucleases in salivary secretions making it problematic to examine 
the effects of eRNAi on stink bugs by methods other than injection [93, 170].  A few studies have 
examined RNAi pathways in other hemipterans, but it is unclear how similar those findings would be 
to SGSB [182-184]. 
Alternative methods of exposure to insecticidal RNA 
It is important to understand both the barriers to and mechanisms of RNAi in insect pests to 
best optimize development of insecticidal RNA products.  Alternative RNA delivery systems are being 
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investigated in order to produce an efficacious eRNAi response in recalcitrant species.  Alteration of 
both transgenic and non-transgenic plant-mediated eRNAi could broaden the number of species 
controllable through this technology.  In many cases, processing of plant-expressed insecticidal RNAs 
by plant RNAi machinery, in combination with either plant or insect nuclease degradation, results in 
very low concentrations of intact dsRNA to which only the most sensitive organisms are able to respond 
[185].  To circumvent this issue, recent studies employing transgenic plants expressing dsRNA in 
chloroplasts, organelles which do not have RNAi pathways or RNases, led to accumulation of high 
doses of insecticidal RNAs [100, 128, 129].  Negative effects on L. decemlineata, Helicoverpa zea, and 
Helicoverpa armigera larvae were observed with plastomic expression where little to none were 
observed with nuclear expression [100, 128, 129].  Certain phytophagous insects have been difficult to 
target with eRNAi due to their preferred plant material, such as those feeding from vascular tissues 
[93].  Non-transgenic plant delivery of dsRNA solutions, including root drenching and trunk injections, 
have caused growth inhibition and mortality in several hemipteran and lepidopteran species, including 
Diaphorina citri, Bactericera cockerelli, and Homalodisca vitripennis on Citrus aurantifolia (Key 
lime) and Vitis species (grapevines), and Nilaparvata lugens and Ostrinia furnacalis on Oryza sativa 
(rice) [186, 187].  Though such delivery mechanisms would require mass production of dsRNA to 
obtain effective doses and may have at one time been cost-prohibitive, the price of dsRNA production 
has decreased from $12,500 to $2 per gram in under a decade and will likely further decrease [6]. 
Avoidance of nuclease activity has also been a main focus of alternative dsRNA delivery 
efforts.  Nanoparticles of natural and synthetic polymers associated with dsRNAs have been used orally 
against several insects to cause knockdown and subsequent phenotypic effects, including the dipterans 
Anopheles gambiae and Aedes aegypti, as well as the lepidopteran O. furnacalis [188-190].  Liposomes 
composed of natural lipids encapsulating dsRNA is another method utilized in six drosophilid species 
to effectively cause silencing and mortality when fed to larvae or adults [191, 192].  Recently, 
ribonucleoprotein (RNP) particles composed of a chimeric protein associated with dsRNA showed 
improved stability and effectiveness when orally administered to the coleopteran Anthonomus grandis 
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[193].  Nanoparticles, liposomes, and artificial RNPs are unlikely to become transgenic products, but 
do provide protection against insect nucleases and could have application as sprayables. 
Delivery of insecticidal RNAs via bacteria is another method that has received attention.  An 
RNase III-deficient strain of Escherichia coli expressing dsRNAs has been efficacious in diet bioassays 
against the lepidopterans Spodoptera exigua and Mythimna separata, and the coleopteran L. 
decemlineata [194-196].  Moreover, these bacteria maintain larvicidal activity in a freeze-dried 
formulation that may be more amenable to storage and field application [197].  Use of bacteria to 
produce encapsulated RNA, which can be sprayed after purification, has also been developed, though 
efficacy data are not currently available [6].  Consumption of modified bacterial symbionts expressing 
insecticidal RNA has been demonstrated to kill Frankliniella occidentalis, effects that have been 
replicated with non-bacterial symbionts in the dipterans Anopheles stephensi and Drosophila suzukii 
[198-200]. 
 
Resistance to Insecticidal RNAs 
If there is one lesson to be learned in agriculture over the last century of combating insects with 
natural and synthetic chemical or biological pesticides, it is the likelihood of resistance (reviewed in 
[114, 201, 202]).  The United States Environmental Protection Agency has made it a requirement of 
new transgenic product registration to include a detailed insect resistance management plan in order to 
protect lifespan of products similar to current prevalent proteinaceous control traits [203].  The 
possibility of resistance to insecticidal RNAs has been recently discussed in the context of WCR due 
to the immediacy of commercial trait deployment, though the same rational would apply to any insect 
[204, 205].   Speculation on possible routes to resistance include upregulation of the target gene or 
target site insensitivity via point mutations, among others.  Of particular concern would be the 
development of a resistance mechanism which confers protection across many or all insecticidal RNAs.  
Such a mechanism would have to involve processes central to the RNAi response in insects such as 
non-specific nucleases, exogenous RNA uptake, core processing machinery, and—perhaps to a lesser 
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extent depending on target gene—spread of the knockdown signal throughout the insect.  Preliminary 
research has been conducted to explore these potential comprehensive resistance mechanisms. 
Knockdown of dsRNA nuclease activity in the gut of L. decemlineata and A. grandis, two 
coleopteran pests, has been reported to enhance the effectiveness of eRNAi in those organisms [206, 
207].  It may be that upregulation of specific nucleases in the gut in previously susceptible target pests 
would lead to suppression of eRNAi.  Involvement of clathrin-mediated endocytosis in the uptake of 
dsRNA by insects has been confirmed in D. melanogaster Schneider 2 (S2) embryonic cells; 
specifically, co-suppression of the class C general scavenger receptors Eater and SR-CI resulted in a 
90% decreased ability to internalize dsRNA [32, 33].  In the dipteran Bactrocera dorsalis, silencing of 
genes involved in clathrin-mediated endocytosis resulted in an insensitivity to eRNAi through blockage 
of dsRNA uptake [208].  Several genes homologous to endocytic pathway components have been 
identified as involved in the uptake of exogenous RNAs in Tribolium castaneum and L. decemlineata, 
making a similar resistance mechanism in coleopteran insects conceivable [209, 210].  A second uptake 
mechanism identified in insects is that mediated by systemic interference defective (sid) genes.  In C. 
elegans, the intestinal transmembrane protein Sid-2 and the dsRNA-gated channel Sid-1 mediate import 
of dsRNA into and between cells, respectively [211, 212].  Homologues of sid-1, termed “sid-like” 
(sil), have been shown to be involved in dsRNA uptake in T. castaneum, L. decemlineata, and N. lugens 
[210, 213, 214].  Complete loss of sils appears to have occurred in dipteran genomes, making this an 
inconsistent possibility across insects [215].  Mutations or loss in any of the endocytic pathway or sil 
genes could confer resistance. 
Changes in RNAi pathway genes other than those involved in RNA uptake are also a 
possibility.  RNAi components have been observed to differ across insect taxa, particularly in the 
presence and number of dsRBPs and AGOs [215].  Several copies of dcr-1, pasha, and ago1 were 
detected in the genome of the hemipteran A. pisum, with an ago1 copy showing evidence of positive 
selection [184].  The dipteran Mayetiola destructor contains multiple copies of r2d2 and ago2, whereas 
an ago2 homologue was not reported for FAW in a list of pathway components harvested from Sf21 
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cells [152, 216].  The D. melanogaster dcr-2, r2d2, and ago2 genes show elevated rates of sequence 
changes, placing them in the top 3% fastest-evolving genes in the fly genome [217].  Comparison of 
the dcr-2 PIWI, AGO, and Zwille (PAZ) domain in M. destructor and several other insects with high 
or low response to eRNAi may indicate that increased length and variability of this region plays a role 
in sensitivity to exogenous dsRNA [216].  Because insects naturally display this variation across 
proteins and domains, it is possible that adaptations in response to insecticidal RNAs may occur. 
Artificially reducing expression of dcr-2 and ago2 has previously been reported to show no 
apparent phenotypic effects separately in both WCR larvae and adults, and to confer complete 
protection to adults against an insecticidal dsRNA [117, 118].  Recently, knockdown of drosha, dcr-1, 
ago3, and aub in WCR adults was also reported to have no phenotypic effects, though ago1 was noted 
to cause decreases in adult survival, egg production, and egg hatch [119].  Another report showed that 
suppression or overexpression of ago2  alternately inhibited or enhanced eRNAi in both B. mori ovary-
derived BmN cells and transgenic animals [218].  These reports have led to the idea that lowered 
expression of certain core RNAi machinery may be sufficient to cause resistance to RNAi-based 
control.  The cumulative results of these studies suggest that mutation or up- or down-regulation of the 
right gene(s) may confer some level of protection against insecticidal RNAs and may consequently 
become prevalent under selective pressure.[219] 
 
 
It is clear that RNAi is an intricate process with many facets; despite the decades-long study of 
these pathways in a model insect very amenable to laboratory studies, new proteins, roles, and even 
pathways continue to be discovered.  If the core RNAi pathway proteins of non-model insects are 
analogous to those of D. melanogaster, they too are integral to several different cellular functions under 
a variety of circumstances.  A complete picture of the RNAi pathways is especially needed in insects 
being targeted for control using eRNAi.  Such an understanding cannot be gained without moving 
beyond basic sequence mining to understand presence, characteristics, and functional variation of these 
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important proteins.  This knowledge would also aid in demonstrating the safety and high efficacy of 
RNAi-based traits, and in the development of suitable stewardship practices to extend trait lifespan.   
The studies described in the following chapters establish fundamental details of the RNAi 
pathways in WCR, FAW, and SGSB.  Identification and comparison of putative core RNAi genes was 
conducted across insects in order to determine whether sequence variations or expression levels may 
contribute to differences in RNAi responses.  Analytical assays were developed for measuring 
expression levels of these genes across each insects’ life cycle, including highly quantitative assays for 
monitoring WCR transcripts.  Putative small RNA products of the candidate proteins were also 
examined in each insect, enabling detection and expression analysis of conserved miRNAs across life 
cycles.  This amassed information was then used to perform knockdown experiments against core RNAi 
machinery in WCR, wherein effects were monitored across the WCR life cycle to assess gene 
contributions both to normal insect development and to development of eRNAi resistance. 
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Table 1.1. Summary of plant-expressed insecticidal RNAs in coleopteran, lepidopteran, and 
hemipteran insects 
Double-stranded RNA (dsRNA) may represent constructs encoding hairpin RNAs or virus-induced RNAs.  All studies resulted 
in phenotypic effects due to insect feeding on transgenic plants, including mortality and suppression of growth or reproduction. 
Target Insect Type of 
Silencing 
RNA 
Reference 
Order Scientific name Common name Author Number 
Coleoptera Diabrotica virgifera 
virgifera 
Western corn 
rootworm 
dsRNA Baum et al., 2007 97 
dsRNA Hu et al., 2016 98 
dsRNA Niu et al., 2017 99 
Leptinotarsa decemlineata Colorado potato beetle dsRNA Zhang et al., 2015 100 
Lepidoptera Chilo suppressalis Striped stem borer miRNA Jiang et al, 2017 90 
Helicoverpa armigera Cotton bollworm dsRNA Mao et al., 2007 120 
dsRNA Zhu et al., 2012 121 
dsRNA Tao et al, 2012 122 
dsRNA Xiong et al., 2013 123 
dsRNA Tian et al., 2015 124 
dsRNA Liu et al., 2015 125 
miRNA Agrawal et al., 2015 126 
dsRNA Mamta et al., 2016 127 
dsRNA Bally et al., 2016 128 
Helicoverpa zea Corn earworm dsRNA Jin et al., 2017 129 
Leguminivora 
glycinivorella 
Soybean pod borer  dsRNA Meng et al., 2017 130 
Spodoptera exigua Beet armyworm dsRNA Zhu et al., 2012 121 
Manduca sexta Tobacco hornworm dsRNA Kumar et al., 2012 131 
Hemiptera Bactericera cockerelli Potato psyllid dsRNA Wuriyanghan et al., 2013 153 
dsRNA Tzin et al., 2015 154 
Bemisia tabaci Silverleaf whitefly dsRNA Thakur et al., 2014 155 
Diaphorina citri Asian citrus psyllid dsRNA Hajeri et al., 2014 156 
Myzus persicae Green peach aphid  dsRNA Pitino et al., 2011 157 
dsRNA Bhatia et al., 2012 158 
dsRNA Pitino & Hogenhout, 2013 158 
dsRNA, 
miRNA 
Guo et al., 2014 89 
dsRNA Mao & Zeng, 2014 160 
dsRNA Coleman et al., 2015 161 
dsRNA Tzin et al., 2015 154 
dsRNA Mulot et al., 2016 162 
Nilaparvata lugensa Brown planthoppera dsRNA* Zha et al., 2011a 163 
Phenacoccus solenopsis Cotton mealybug dsRNA Khan et al., 2015 164 
Sitobion avenae English grain aphid dsRNA Xu et al., 2014 165 
dsRNA Abdellatef et al., 2015 166 
aRepresents an exception, where transcript abundance of the target genes was highly decreased but no phenotypic effects 
were observed. 
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Abstract 
RNA interference (RNAi)-based technology shows great potential for use in agriculture, 
particularly for management of costly insect pests.  In the decade since the insecticidal effects of 
environmentally-introduced RNA were first reported, this treatment has been applied to several types 
of insect pests.  Through the course of those efforts, it has become apparent that different insects exhibit 
a range of sensitivity to environmentally-introduced RNAs.  The variation in responses across insect is 
not well-understood, with differences in the underlying RNAi mechanisms being one explanation.  This 
study evaluates eight proteins among three agricultural pests whose responses to environmental RNAi 
are known to differ: western corn rootworm (Diabrotica virgifera virgifera), fall armyworm 
(Spodoptera frugiperda), and southern green stink bug (Nezara viridula).  These proteins have been 
identified in various organisms as centrally involved in facilitating the microRNA- and small 
interfering-RNA-mediated interference responses.  Various bioinformatics tools, as well as gene 
expression profiling, were used to identify and evaluate putative homologues for characteristics that 
may contribute to the differing responses of these insects.  Though many similarities were observed, 
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the number of isoforms and expression levels of double-stranded RNA-binding and argonaute proteins 
varied across insect.  Differences among key RNAi machinery genes of these three pests may impact 
the function of their RNAi pathways, and therefore, their respective responses to exogenous RNAs. 
 
Introduction 
Control of agricultural pests through use of RNA interference (RNAi)-based technology in 
genetically engineered crops is currently being widely explored for insect pest management [1].  RNAi 
encompasses three related mechanisms of gene control, wherein transcription is either prevented 
entirely or transcribed RNA is targeted for repression or degradation through the action of small RNAs 
(sRNAs) [2, 3].  Hijacking the RNAi pathways mediated by microRNAs (miRNAs) and small 
interfering RNAs (siRNAs) has been shown to be effective in controlling insect damage to crop plants 
[4, 5], though the RNAi pathways of these pests are not well-characterized.  It is known from model 
systems that pathways within a single organism differ in the proteins involved, the source of precursor 
RNA from which sRNAs are generated, and the exact mechanism and outcome of silencing (reviewed 
in [6, 7]).  The RNAi pathways of the dipteran Drosophila melanogaster (Dme) are among the best 
understood.  Consequently, the Dme pathways are thought to serve as an appropriate model system for 
study of RNAi in other insects, though it remains unclear how much mechanistic information may be 
reliably extrapolated.  Many Dme proteins involved in RNAi have been identified, including several 
nucleases that produce sRNAs, their associating double-stranded RNA binding protein (dsRBP) 
partners, and argonaute (AGO) proteins.  As the components most directly involved in the interference 
response, these are considered “core” RNAi machinery and are the focus of the current study. 
The miRNA pathway functions primarily in regulation of gene expression (reviewed in [8]), 
while the siRNA pathway is thought to be an ancient defense against invading viruses—a process 
especially critical for insects (reviewed in [8, 9]).  At the start of both pathways, long single-stranded 
or double-stranded (ss- or ds-) RNA is enzymatically processed into small dsRNA duplexes of ~20-30 
nucleotides (nt).  RNAs that trigger the miRNA pathway are typically endogenously expressed and 
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sources may include specially transcribed non-coding RNA, or pre- or post-excised introns.  In contrast, 
the siRNA pathway is usually activated by long, perfectly base-paired exogenous dsRNAs.  In Dme, 
single-stranded primary miRNAs are shortened to precursor miRNAs in the nucleus by the 
microprocessor complex, composed of Drosha and its partner dsRBP Pasha [10, 11].  After precursor 
miRNAs are exported from the nucleus to the cytoplasm, they follow a path similar to dsRNAs uptaken 
by Dme cells.  Dicer-1 (DCR-1) associates with and processes precursor miRNAs into small ~22 nt 
duplexes [12], whereas long siRNA-activating dsRNAs associate with and are processed into 21-25 nt 
duplexes by Dicer-2 (DCR-2) [13]. 
One strand of a sRNA duplex generated by either pathway is loaded into an argonaute protein 
family member, usually assisted by a dsRBP, forming an RNA-induced silencing complex (RISC).  The 
RISC binds complementary ssRNA targets, resulting in their silencing.  A mature miRNA strand is 
loaded into Argonaute 1 (AGO1) by DCR-1 and the dsRBP Loquacious (LOQS) to form the miRNA 
RISC (miRISC) [14-18].  In an analogous process, a guide siRNA is preferentially loaded into 
Argonaute 2 (AGO2) with the assistance of DCR-2 and the dsRBP R2D2 to form the siRNA RISC 
(siRISC) [19-21].  The final specificities of RISCs for their targets generally differ from one another.  
A miRISC will bind nt segments—typically within the 3’ untranslated regions of transcripts—
containing exact complementarity to the miRNA seed sequence, commonly positions 2-8 from the 
miRNA 5´ end (reviewed in [22]).  The remainder of the miRNA sequence may contain imperfect 
complementarity, resulting in one miRNA having the ability to regulate many transcripts through 
translational repression.  The active siRISC binds cellular ssRNA exhibiting exact complementarity 
along the full length of the guide strand [23].  Once bound, such ssRNA is cleaved by AGO2; the 21-
25 nt complementarity typically results in a one-to-one pairing of siRNA and target [23]. 
It is clear from the study of both model and non-model systems that basic RNAi mechanisms 
are present in all plants and animals.  However, differences across organisms in the protein machinery 
involved can affect various characteristics of the response, including type of mediating sRNAs, life 
stages and tissues in which different pathways function, and overall regulatory outcomes [7, 9, 24].  
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More specific to the application of RNAi for insect control, response to environmentally-introduced 
dsRNA (environmental (e)RNAi) is known to vary greatly across species.  Insects from the order 
Coleoptera tend to show robust activation of their RNAi pathways via oral feeding on transgenic plants 
expressing dsRNAs, whereas even in a laboratory setting, dsRNA elicits little response in Lepidoptera 
or Hemiptera (reviewed in [25, 26]).  A variety of factors have been proposed to contribute to these 
differences, such as disparity in dsRNA uptake mechanisms and nuclease content of saliva and gut fluid 
[25].  Much focus has been placed on these initial barriers to treatment with insecticidal dsRNA [27], 
though less is known about downstream factors which may also play a role. 
Understanding differences in insect response to eRNAi is central to the development and proper 
implementation of RNAi-based crop protection.  This need, along with a general lack of research in 
prominent agricultural pests, led to focus of the current study on the core RNAi machinery of 
Diabrotica virgifera virgifera (western corn rootworm – WCR), Spodoptera frugiperda (fall 
armyworm – FAW), and Nezara viridula (southern green stink bug – SGSB).  These three 
representative pests were used to explore another possible source of variability in RNAi efficacy: 
differences in the presence or absence, modifications to, or expression levels of core RNAi pathway 
proteins  [25, 26].  Reports describing predicted protein features and phylogeny of a handful of core 
RNAi machinery genes in WCR and FAW are available [28-31].  However, given the complexity 
revealed through decades-long study of Dme RNAi, more work is needed to understand the differences 
that might exist between core RNAi components of insects that respond well to control via eRNAi and 
those that do not. 
This study is aimed at exploring differences in the core RNAi machinery of WCR, FAW, and 
SGSB.  Toward that end, identification of core mi- and siRNA components in each insect was 
performed, followed by prediction and comparison of protein domain structure, phylogeny, and 
inspection of expression patterns across life stages.  Furthermore, a direct comparison of the baseline 
expression levels across insects was conducted for each core component.  While the putative 
homologues identified in these pests are similar to reference sequences and demonstrate some 
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consistency across insect in expression patterns and levels, detailed examination reveals intriguing 
differences. The number, features, and expression of the dsRBP and AGO isoforms show variations 
that may influence basic functioning of the RNAi pathways in these insects. 
 
Results 
In silico identification of core RNAi machinery 
Putative homologues of all eight core RNAi machinery genes were mined from WCR, FAW, 
and SGSB complementary DNA (cDNA) datasets through a series of iterative searches beginning with 
Dme query sequences.  Potential candidates were translated in all three coding frames, protein domain 
structure was predicted and compared with Dme sequences, and those exhibiting apparently complete 
coding DNA sequences (CDSs) and domain structure were selected.  Homologues present in each of 
the three insect pests under investigation are presented in Table 2.1, along with translated protein length 
and accession number.  One homologue per pest was found for Drosha, DCR-1, and DCR-2.  Multiple 
versions of potential homologues were identified for Pasha, LOQS, R2D2, AGO1, and AGO2, which 
may represent products of alternative transcriptional start sites, alternative splicing, or duplicated genes.  
If sequences were found containing the same number but slightly different composition of residues, 
this was attributed to population variation as the available cDNA databases did not always contain 
inbred lines.  In these cases, only one match is reported.  Regardless of the sources of these differences 
and for the purposes of this study, all versions of the same protein are referred to as isoforms.  The 
WCR and FAW CDSs identified here were confirmed to contain sequence previously reported for 
certain members of the core machinery, though this study is the first to report all eight genes and their 
isoforms for these insects [28-31]. 
Classification and analysis of putative homologues 
Translated putative isoforms for each protein follow Dme nomenclature, which was assigned 
by restricting a blastp search of sequences against only reported sequences of the corresponding Dme 
protein.  A total of 9 ribonuclease III domain-containing (RNaseIII), 21 dsRBP, and 12 AGO sequences 
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were found across WCR, FAW, and SGSB.  A series of bioinformatics tools was then used to examine 
putative homologues for similarity to each other, to sequences previously reported in related insect 
species, and to sequences reported from model organisms.  Tribolium castaneum (Tca), Bombyx mori 
(Bmo), and Acyrthosiphon pisum (Api) sequences were included to represent closely-related members 
of the coleopteran, lepidopteran, and hemipteran insect phylogenetic orders, respectively.  Homo 
sapiens (Has), Cel, and Dme sequences represent both the gold-standard references of identified and 
characterized core RNAi proteins, as well as more distant relations to putative homologues from the 
pests of interest.  Final analyses were conducted by partitioning translated reference sequences and 
candidate homologues into three groups: RNaseIII proteins, dsRBPs, and AGO proteins.  To the extent 
possible, the same putative isoform per protein was selected and used for domain analysis and the 
reconstruction of phylogenetic trees.  Results of these analyses show that proteins identified in each 
insect exhibit domain structure and phylogenetic behavior comparable to each other and to reference 
sequences. 
Ribonuclease III domain-containing proteins 
Translations of the RNaseIII sequences were scanned to determine protein domain architecture.  
Results show that each of the translated pest sequences contain the same number and type of domains 
as reference sequences (Figure 2.1A).  These sequences display two RNase III domains and—with the 
exception of Dme and Bmo—a C-terminal dsRNA binding motif (DSRM).  The DSRMs of the DCR 
proteins are predicted with less confidence, showing much higher expect (e-)values (approaching 1) 
than any of the other domains identified in this study.  The DCR proteins also contain a DCR dimer 
motif, an RNA binding domain common to PIWI, AGO, and Zwille proteins (PAZ), and a helicase C 
domain.  The DCR-2 proteins additionally contain the N-terminal DEAD-box helicase domain 
consistent with the role of Dme DCR-2 translocation along a dsRNA substrate [32].  Under the 
conditions used in this study for protein domain prediction (see “Methods”), the DEAD-box helicase 
domain registers as the closely-related bacterial restriction III enzyme domain (ResIII) in the 
lepidopteran and hemipteran sequences. 
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Figure 2.1. Properties of core mi- and si-RNA pathway RNaseIII-domain containing proteins in WCR, FAW, 
and SGSB.  (A) The predicted protein domains encoded by the Drosha, Dicer, Dicer-1, and Dicer-
2 transcripts of A. pisum (Api: XP_003247913.1, XP_001944314.2, XP_016665103.1), B. mori 
(Bmo: XM_004928209.1, XM_004922309.1, XP_012551309.1), C. elegans (Cel: NP_492599.1, 
NP_498761.2), D. melanogaster (Dme: NP_477436.1, NP_524453.1, NP_523778.2), D. virgifera 
virgifera (WCR – Dvi: MG225416, MG225417, MG225418), H. sapiens (Hsa: NP_001093882.1, 
NP_001258211.1), N. viridula (SGSB – Nvi: MG225445, MG225446, MG225447), S. frugiperda 
(FAW – Sfr: MG225429, MG225430, MG225431), and T. castaneum (Tca: XP_967454.2, 
XP_008199045.1, XP_008201496.1).  Predicted domains include two RNaseIIIs (PF00636 and 
PF14622), a DCR dimer motif (PF03368), a DSRM (PF00035), a helicase C (PF00271), a PAZ 
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(PF02170), and either a ResIII (PF04851) or DEAD-box helicase (PF00270) domain.  E-values for 
domains predicted in the WCR, FAW, and SGSB proteins range from 4.0×10-10 to 1.1×10-36, with 
the exception of the DCR-1 and DCR-2 C-terminal DSRMs.  (B) Maximum likelihood phylogenetic 
tree topology of translated RNaseIII protein-coding sequences (1000 bootstrap replications). 
 
Next, parsimony informative sites were identified from an RNaseIII protein multiple sequence 
alignment (MSA) and used in phylogenetic tree reconstruction.  Putative homologues cluster as would 
be expected for correctly assigned sequences, with Drosha, DCR-1, and DCR-2 from each insect 
appearing in three distinct protein clades along with all corresponding reference sequences (Figure 
2.1B).  The DCR proteins from Hsa and Cel show a greater resemblance to the siRNA-specific DCR-
2 according to protein domain analysis, but cluster with the miRNA-specific DCR-1.  The WCR, FAW, 
or SGSB sequences also cluster with high frequency (bootstrap values >91% excluding SGSB Drosha) 
on the same branch as the reference sequence from their respective phylogenetic order.  Overall, length 
of translated amino acid sequence, domain structure, and phylogenetic analysis agree well with 
previously reported results for select WCR and FAW RNaseIII sequences [29-31]. 
Double-stranded RNA binding proteins 
The dsRBP sequences were analyzed for protein domain arrangement.  Each identified pest 
dsRBP contains two to three DSRMs, in agreement with reference sequence scans (Figure 2.2A).  
Pasha, the partner protein of Drosha, is the longest dsRBP and contains two C-terminal DSRMs—with 
the exception of Cel PASH-1.  The Hsa and Cel DGCR8 and PASH-1 sequences register a proline-rich 
(WW) motif responsible for mediating specific protein-protein interactions, which is not present in any 
of the insect sequences.  The LOQS-PB sequences each contain three DSRMs, consistent with proposed 
functions of binding dsRNA (DSRM1 and DSRM2) and interaction with DCR-1 (DSRM3) [6].  Insect-
specific R2D2 is the shortest dsRBP and contains two N-terminal DSRMs.  A final FAW R2D2 
sequence could not be confidently selected from among harvested candidates, though its presence has 
been reported in FAW ovary-derived Sf21 cells [31].  The sequence analyzed here as FAW R2D2 
represents that which agreed most strongly with reference sequences through bioinformatic evaluations 
utilized during the identification process (described under “Methods”). 
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Figure 2.2. Properties of core mi- and siRNA pathway double-stranded RNA binding proteins in WCR, FAW, 
and SGSB.  (A) The predicted protein domains encoded by the Pasha-PA, LOQS-PB, and R2D2 
transcripts of A. pisum (Api: XP_001947403.1, XP_016657757.1), B. mori (Bmo: XP_012552270.1, 
XP_012550849.1, NP_001182007.1), C. elegans (Cel: NP_001293461.1, NP_499265.1), D. 
melanogaster (Dme: NP_651879.1, NP_609646.1, NP_609152.1), D. virgifera virgifera (WCR – 
Dvi: MG225419, MG225420, MG225423), H. sapiens (Has: NP_073557.3, NP_599150.1), N. 
viridula (SGSB – Nvi: MG225448, MG225451, MG225453), S. frugiperda (FAW – Sfr: 
MG225432, MG225435, MG225438), and T. castaneum (Tca: XP_971282.1, XP_966668.1, 
NP_001128425.1).  Predicted domains include two to three DSRMs (PF00035) and a WW 
(PF00397).  E-values for domains predicted in WCR, FAW, and SGSB range from 1.5×10-3 to 
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9.2×10-15.  (B) Maximum likelihood phylogenetic tree topology of translated dsRBP protein-coding 
sequences (1000 bootstrap replications). 
 
All residues of the dsRBP sequences were used to reconstruct evolutionary relationships.  
Generally, the newly identified pest sequences cluster within the same clade and on the same branch as 
the sequence from their closest related reference organism (Figure 2.2B).  The WCR and FAW Pasha 
and LOQS homologues show bootstrap values >98% for appearance with Tca and Bmo sequences.  
Most R2D2 proteins also cluster within a clade separate from LOQS, though there appears to be more 
ambiguity between these two clades than any others examined within this study.  Each SGSB dsRBP 
proves an exception by appearing on a branch separate from the available Api sequences, with R2D2 
appearing in a separate clade altogether.  Predicted domain arrangement and phylogeny agree with 
previous reports of the FAW dsRBPs [31]. 
Argonaute proteins 
Protein domain analysis of the AGO sequences reveals each WCR, FAW, and SGSB sequence 
exhibit the same predicted domain structure as reference sequences (Figure 2.3A).  Generally, all 
sequences include an N-terminal domain of argonaute (ArgoN), two argonaute linker domains (ArgoL1 
and ArgoL2), a PAZ domain, a Mid domain of argonaute (ArgoMid), and a Piwi domain.  ArgoL1 was 
not detected in Cel RDE-1 and ArgoMid domains were not detected in FAW, SGSB, Bmo, and Tca 
AGO2 or Cel RDE-1.  The failure to detect an ArgoMid domain in some AGO2 sequences is likely due 
to the scan conditions used rather than a true absence, as extensive critical interactions are formed 
between the ArgoMid and Piwi domains, and this domain also contains residues essential for 
recognition and binding of the guide RNA 5’ terminal phosphate [33-35].  
All residues of the AGO sequences were used in phylogenetic tree reconstruction.  The WCR, 
FAW, and SGSB AGO1 and AGO2 sequences cluster appropriately into each of two clades, and most 
also appear on the same branch as the relevant reference sequence (Figure 2.3B).  Bootstrap testing 
gives lower support values for co-clustering of the SGSB and Api sequences.  Despite being the only 
human  AGO  displaying  endonucleolytic  activity [36], Hsa  AGO2  clusters  with insect  AGO1.  The 
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Figure 2.3. Properties of core mi- and siRNA pathway argonaute proteins in WCR, FAW, and SGSB.  (A) The 
predicted protein domains encoded by the AGO1-PC and AGO2-PB transcripts of A. pisum (Api: 
XP_003240620.1, XM_001944817.3), B. mori (Bmo: BAF73719.1, XP_012548543.1), C. elegans 
(Cel: NP_871992.1, NP_741611.1), D. melanogaster (Dme: NP_001246314.1, NP_730054.1), D. 
virgifera virgifera (WCR – Dvi: MG225424, MG225426), H. sapiens (Hsa: NP_036286.2), N. 
viridula (SGSB – Nvi: MG225455, MG225456), S. frugiperda (FAW – Sfr: MG225441, 
MG225443), and T. castaneum (Tca: XP_015837987.1, XP_008192985.1).  Predicted domains 
include an ArgoN (PF16486), an ArgoL1 (PF08699), a PAZ (PF02170), an ArgoL2 (PF16488), an 
ArgoMid (PF16487), and a Piwi (PF02171).  E-values for domains predicted in WCR, FAW, and 
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SGSB range from 1.1×10-8 to 1.6×10-110.  (B) Maximum likelihood phylogenetic tree topology of 
translated AGO protein-coding sequences (1000 bootstrap replications). 
 
endonucleolytic activity of Dme AGO1 is not involved in the canonical role this protein plays regarding 
silencing of target RNAs [37].  Though domain structure and phylogeny generally agree with previous 
reports of select WCR and FAW AGO proteins, the WCR AGO2 sequences reported here are longer 
[29-31].  These length differences are due to a combination of missing sequence and an assembly error 
that caused up to a 365 residue truncation of the N-terminus in the previously reported sequence [29], 
likely because of the highly repetitive nature of this region.  Additional internal sequence information 
allowed the error to be identified and manually corrected, resulting in the true full-length WCR AGO2 
sequences reported here. 
Expression patterns of core machinery across insect development 
Following identification of core RNAi machinery, expression of these genes was evaluated 
across the life cycles of WCR, FAW, and SGSB through the use of RNA sequencing (RNA-Seq).  As 
used in this study, the term ‘expression’ refers to normalized transcript abundance levels derived from 
RNA-Seq experiments.  To serve as a point of comparison, expression values of the Dme reference 
machinery were extracted from results of the Dme developmental transcriptomes generated as part of 
the modENCODE project and are also displayed [38, 39].  Details of the 14 (WCR), 10 (FAW), 9 
(SGSB), and 30 (Dme) life cycle points from which expression data were collected are described in 
Table 2.2.  Core machinery of the miRNA pathway for all four insects has been separated into the 
microprocessor complex of drosha and pasha (Figure 2.4), and the downstream genes dcr-1, loqs, and 
ago1 (Figure 2.5).  Core machinery of the siRNA pathway for all four insects are shown together 
(Figure 2.6). 
Expression patterns of the miRNA machinery show similar trends within insects.  The drosha 
and pasha transcripts display comparable patterns—these transcripts are most abundant early in the egg 
but are at lower levels in remaining life stages (Figure 2.4).  Normalized expression values for these 
transcripts  are on  average the  lowest observed  for any  of the  core machinery,  though drosha  often 
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Figure 2.4. Expression patterns of drosha and pasha across insect life stage.  WCR is shown at top left, FAW 
at top right, SGSB at bottom left, and Dme at bottom right, with drosha marked by black squares 
and pasha with grey circles.  Sequenced life stage points for each insect are described in Table 2.2.  
Normalized count for WCR, FAW, and SGSB transcripts was estimated using RSEM and modeled 
using DESeq2.  The median value (±MAD) across sequencing samples (n = 2 to 4 for pest, n = 1 
for Dme) is shown.  Dme data were obtained from the modENCODE project [38, 39].  Normalized 
count (in reads per kilobase million) for Dme transcripts was generated by adjusting for read depth 
on a per million scale and length of each target gene in kilobases.  Expression of drosha is scaled 
on the left axis in all graphs, and pasha on the right for WCR and FAW.  pasha-RA is shown for 
WCR and FAW, and –RAa for SGSB.  Specific Dme isoforms are unknown. 
 
exhibits higher abundance than pasha.  Expression patterns of the partner proteins dcr-1 and loqs are 
also generally similar within each insect, though behavior across insects is more difficult to judge 
(Figure 2.5).  Highest dcr-1 expression occurs in early to mid-age eggs in all species.  While the stage 
with highest loqs levels varies across insects, this transcript reaches the highest value of any core 
miRNA gene within WCR, FAW and Dme.  Expression patterns of ago1 are similar across insects, 
showing highest levels in early egg followed by lower expression.  It also expresses highest of any 
miRNA transcript in SGSB. 
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Figure 2.5. Expression patterns of core miRNA machinery across insect life stage.  Life stage information and 
normalized count data for each insect are as described in Figure 2.4.  dcr-1 is shown in black squares, 
loqs in grey circles, and ago1 in orange triangles with dotted line.  The WCR graph scales loqs-RB 
on the left axis, and dcr-1 and ago1-RC on the right.  The FAW graph scales loqs-RBb and ago1-
RCa on the left axis, and dcr-1 on the right.  The SGSB graph shows loqs-RB and ago1-RC isoforms.  
The Dme graph scales loqs and ago1 on the left axis, and dcr-1 on the right; specific isoforms are 
unknown. 
 
Expression patterns of siRNA machinery transcripts are also consistent within insect (Figure 
2.6).  Across insect, these transcripts are variably expressed through life stages rather than peaking 
early in development.  Normalized WCR and Dme values are high in egg, dip in late larval and pupal 
or adult stages, and increase in pre-pupal, early pupal, or actively reproducing adults—especially 
pregnant females.  The FAW transcripts spike in early larval instars and adults.  The SGSB transcripts 
are increasingly expressed from egg to adult, with pregnant females showing the highest expression of 
dcr-2 and ago2.  In WCR, FAW, and Dme, dcr-2 exhibits the lowest expression of the core siRNA 
transcripts, while in SGSB the partner protein of dcr-2—r2d2—is lowest.  The most consistently 
abundant of the siRNA transcripts across the life cycles of WCR, FAW, and Dme is ago2, but in SGSB  
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Figure 2.6. Expression patterns of core siRNA machinery across insect life stages.  Life stage information and 
normalized count data for each insect are as described in Figure 2.4.  dcr-2 is shown in black squares, 
r2d2 in grey circles, and ago2 in orange triangles with dotted line.  The WCR graph scales r2d2 and 
ago2-RBa on the left axis, and dcr-2 on the right.  The FAW graph scales ago2-REa on the left axis, 
and dcr-2 on the right.  The SGSB graph scales dcr-2 on the left axis, and r2d2-RAa and ago2-RB 
on the right.  The Dme graph scales r2d2 and ago2 on the left axis, and dcr-2 on the right; specific 
isoforms are unknown. 
 
dcr-2 is generally the most abundant.  Expression values for the FAW r2d2 transcript are not included 
due to uncertainty in choosing a sequence from among available candidates, though expression of the 
top candidate sequence was confirmed in whole FAW using reverse transcription polymerase chain 
reaction (RT-PCR) (Figure 2.7).  Expression of this transcript was observed in early and late egg, third 
instar, pupal, and adult female stages—bands were most intense at early egg and third instar; stages 
that match expression peaks of FAW dcr-2 and ago2. 
Comparison of core machinery expression levels between insect 
Expression of core RNAi machinery was directly compared in WCR, FAW, and SGSB to 
determine baseline levels (Figure 2.8).  Expression of the core RNAi machinery genes in each insect  
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Figure 2.7. Amplification of r2d2-RAa in cDNA from nine FAW life stages.  A middle segment from the top 
FAW r2d2 candidate transcript was amplified using 40 cycles of PCR.   The entirety of each reaction 
was electrophoresed on a 1.2% agarose gel containing SYBR Safe DNA gel stain, along with 5 µL 
of ZipRuler Express DNA Ladder 1.  Strong amplification of the r2d2 target occurs in the early egg 
and third instar samples, while fainter bands appear in the late egg, pupal, and adult female samples.  
This method could not detect target amplification in first instar, sixth instar, adult male, or pregnant 
female samples. 
 
was measured using semi-quantitative RT-PCR with cDNA prepared from samples of the same insect 
mass and isolated RNA.  The life stage chosen for this analysis was midpoint of the first post-hatch 
stage during which each insect would begin to feed on host crops: first instar for WCR and FAW, 
second instar for SGSB.  Expression of dcr-1, dcr-2, and ago2 is similar between insects at this stage, 
as is r2d2 in WCR and SGSB (quantitative expression of the top FAW r2d2 candidate was not 
measured).  A moderately lowered expression of drosha and pasha in SGSB and ago1 in WCR is 
observed when compared with the other two insects.  The greatest difference is seen in levels of loqs 
transcript, which are highly elevated in WCR compared with those of FAW or SGSB. 
 
Discussion 
Interest in the use of RNAi-based technology for insect control has increased the necessity of 
understanding   RNAi  genes   and  pathways   in  non-model   insects,  especially   those  of  damaging 
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Figure 2.8. Comparison of core RNAi machinery expression level across WCR, FAW and SGSB.  Expression 
was determined in first instar WCR and FAW and second instar SGSB using optimized semi-
quantitative PCR at the end of 31 cycles of amplification, with the exception of SGSB pasha and 
FAW loqs.  An additional two cycles of amplification were needed to quantify expression of these 
targets, and values were back-calculated using an assumed 100% PCR reaction efficiency to arrive 
at the reported values.  Median amplicon abundance (n=3, ± MAD) is shown for the isoform 
specified, excluding SGSB r2d2 and WCR ago2 where primers detected all isoforms.  Quantitative 
expression of the top FAW r2d2 candidate was not measured. 
 
agricultural pests [1].  Examples of such pests include WCR, FAW, and SGSB.  These pests also 
represent phylogenetic orders whose reactions to eRNAi greatly differ.  While coleopterans respond 
robustly to eRNAi, lepidopterans and hemipterans show variable or weak responses [25, 26].  
Reflecting the response of other beetles, successful control of WCR via knockdown of important genes 
by crop-expressed dsRNAs was reported ten years ago [5].  In contrast, successful expression 
knockdown of a FAW gene target via controlled laboratory dsRNA feeding has only been reported 
twice [40, 41], and has not been reported for SGSB.  Differences between characteristics of the core 
RNAi machinery have not been extensively explored as a potential contributor to the observed 
responses in these species.  Presented here is the first identification and preliminary evaluation of all 
eight of the core mi- and siRNA pathway genes in WCR, FAW, and SGSB.  These sequences were 
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examined and compared with one another and with reference sequences to determine whether 
differences exist in presence, number of isoforms, protein domain structure, expression pattern, or 
baseline expression levels.  It was hypothesized that variation in these natural characteristics could lead 
to variation in efficacy of insecticidal RNAs. 
At least one sequence homologous to each core component of both the Dme mi- and siRNA 
pathways was identified in WCR, FAW, and SGSB.  As defined by Dme, these pathways are intact and 
would be expected to function in generally the same manner.  Beyond basic presence of pathway 
machinery in an insect’s genome, the number of genomic copies has been suggested to confer graded 
sensitivity to exogenous dsRNAs [42].  The sensitivity of Tca appears to be increased beyond the norm 
of other studied coleopterans, and this insect reportedly has two genomic copies specifically of ago2 
[42].  Homologues of Dme ago2 have been reported in several lepidopteran and hemipteran pest species 
[43-45], though a FAW ago2 homologue was not included in a previous list of RNAi pathway genes 
detected in Sf21 cells [31].  Interestingly, AGO1 has also been reported to contribute to the response 
of a coleopteran cell line to exogenous dsRNA [46].  Although exact genomic copy number was not 
determined in this study, complete absence of any one core RNAi component—including both AGOs—
cannot explain the difference in eRNAi response observed between WCR, FAW, and SGSB. 
It is well established in Dme that different isoforms exist for core RNAi machinery, and that 
their presence may impact functioning of the RNAi pathways.  In an effort to understand differences 
that may exist between the RNAi pathways in WCR, FAW, and SGSB, it was important to include 
isoform identification in the current study.  The isoform numbers reported here may not be complete 
due to limitations of the cDNA databases used.  Additionally, isoform designations were assigned based 
on in silico predictions only; they do not guarantee any discrete functionalities—or lack thereof—that 
have been demonstrated for these proteins in Dme and other organisms.  Exactly one homologue for 
each of the RNaseIII proteins was identified in each pest, a result in line with reports from Dme and 
other relevant insects [31, 42-45, 47, 48].  This does not exclude the possibility that different isoforms 
may exist under different conditions, a state which has been observed for mammalian Drosha and DCR 
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[49, 50].  Several different isoforms for the dsRBPs and AGOs were discovered for WCR, FAW, and 
SGSB, also consistent with the Dme RNAi pathway machinery. 
Different isoforms of the dsRBP Pasha may be required for localization in either the nucleus 
or cytoplasm to facilitate distinct functions of Drosha.  Most Drosha functions have been found to 
depend on Pasha [10, 11, 51], and this RNaseIII protein—typically thought to function in the nucleus—
has been implicated in the cytoplasmic antiviral response of Dme cells [52].  It then follows that Pasha 
should also likely be present in the cytoplasm under those circumstances.  Two versions of Pasha have 
been reported for Dme, which differ from one another at the N-terminus: PA/C and PB.  A nuclear 
localization signal (NLS) is predicted in the first 50 amino acids for Dme Pasha-PA/PC—a region that 
is absent in the Pasha-PB isoform.  This may suggest a nuclear function for one isoform and a 
cytoplasmic function for the other.  Both Pasha isoforms were identified in FAW, with PA containing 
a predicted N-terminal NLS that is missing in PB.  Only one Pasha isoform was classified in WCR and 
SGSB.  The WCR Pasha was classified by homology as a PB isoform, but is predicted to contain an 
NLS and was therefore designated a PA isoform.  Three variants of Pasha-PA were found in SGSB 
(designated PAa, PAb, and PAc); they deviate at the amino acid level in their DSRMs, but NLSs are 
predicted in all three. 
Isoforms of the dsRBP LOQS have been demonstrated to play distinct functional roles in Dme 
RNAi pathways.  Both the PB and PA isoforms contain three DSRMs, but differ in both their interaction 
with DCR-1 and expression by sex.  The PB isoform exhibits high binding affinity for DCR-1, is the 
primary dsRBP facilitating dicing of many pre-miRNAs, and shows higher expression than PA in 
female flies [16].  The PA isoform is lower affinity, can rescue the phenotype of PB-deficient flies but 
in some cases produces miRNAs of different length and seed sequence, and shows higher expression 
than PB in male flies [16].  Sequences classified as LOQS-PB and -PA isoforms were found in WCR, 
FAW, and SGSB.  In all three cases, the PA isoform contains a shortened linker region between the 
second and third DSRMs, consistent with Dme LOQS-PA.  In flies this region encodes a motif essential 
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for forming a hydrophobic interface with DCR-1, and its absence in PA leads to lowered affinity and 
modified miRNA processing [16, 53]. 
The Dme LOQS-PC and -PD isoforms lack the C-terminal third DSRM, and while PC is 
thought to be an aberrant transcript the protein for which has yet to be detected in any fly stage or tissue, 
PD is known to interact with DCR-2 [54-56].  One significant difference between FAW and the other 
two pests is the apparent presence of an isoform that is missing the third DSRM, similar to LOQS-PD.  
In the Dme PD isoform, the third DSRM is replaced with a region responsible for DCR-2 interaction 
[54, 55], and the putative FAW LOQS-PD isoform also shows an exchange of the third DSRM for 
novel sequence.  The presence of LOQS-PD has not been confirmed outside of Drosophilidae, and has 
been proposed to be an adaptation specific to that family [57].  The LOQS-PA isoform appears to fill 
the role of -PD in Aedes aegypti and potentially in other insects by participating in the siRNA pathway 
with DCR-2, and additionally exerting a regulatory effect on miRNA production [57].  It is unclear 
whether the putative LOQS-PD transcript in FAW represents a bona fide isoform.  In addition to LOQS-
PD, the dsRBP R2D2 also interacts with and modifies the activity of DCR-2 [20, 32].  One R2D2 
homologue was identified in WCR, but more than one version was detected in FAW and SGSB. 
The importance of AGOs to RNAi has been well characterized in model systems (reviewed in 
[6, 7]), and all three pests in this report appear to have several different isoforms of both AGO1 and 
AGO2.  The isoforms of Dme AGO1 and AGO2 differ at the N-terminus, presumably due to alternative 
transcriptional start sites.  This appears to be consistent for putative isoforms identified in WCR, FAW, 
and SGSB.  AGO2 isoforms within these species show a high number of N-terminal amino acid 
differences.  The N-terminus of Dme AGO2-PB and -PC exhibits a long, unstructured, glutamine-rich 
repeat region which is absent in the PE isoform.  This feature is common across many arthropod AGO2 
sequences [58], and indeed it appears in the AGO2 sequences identified for WCR and SGSB.  Previous 
reports of WCR AGO2 did not include this repetitive N-terminus, likely due to a combination of 
missing sequence and assembly errors [28-30].  The FAW AGO2 sequences identified in this study are 
smaller than those of WCR and SGSB, and assuming no missing sequence, their N-termini do not 
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contain a high proportion of glutamine residues.  They instead contain a higher proportion of lysine and 
glutamic acid residues and were more homologous to the Dme AGO2-PE isoform, which completely 
lacks the glutamine repeat region.  No reliable cDNAs equivalent to AGO2-PE were identified for 
WCR or SGSB.  Although fitting with the known variability of this region even within members of the 
same genus and species [58, 59], the importance of such differences is not clear.  It has been shown 
that this region interacts with AGO1 early in Dme development [60].  Another proposed function is 
direct interaction with viruses, which could drive its reported rapid evolution [58, 59].  While interesting 
from the perspective of development and possible adaptation to viral evolution, it is unknown whether 
these differences—or differences in AGO1 isoforms—would affect insect response to eRNAi. 
A source of variation beyond the presence, number of isoforms, and protein domain structure 
of the core RNAi machinery across WCR, FAW, and SGSB could be their expression levels in each 
insect.  It is possible that differences in expression may promote contrasting responses, even under 
circumstances where the same proteins exist across species and serve identical functional roles.  
Examination of expression patterns of the core RNAi machinery across life stages of WCR, FAW, 
SGSB, and Dme reveals surprisingly similar trends.  Within and across insects, most transcripts whose 
protein products partner together—and those that cooperate in the same pathway—show similar 
patterns of expression at the same stage or within a one-stage delay.  In several cases, that pattern 
roughly propagates across species.  It is important to note that changes in expression of siRNA factors 
have been observed upon viral infection and eRNAi in other insects [61-64], and baseline expression 
across the four insects shown here would not reflect differences in changes occurring in response to 
various stressors such as ingestion of insecticidal RNA. 
In addition to expression patterns across life stage, direct comparison of transcript levels across 
a field-relevant WCR, FAW, and SGSB life stage revealed one major difference between WCR, an 
insect with robust response to exogenous dsRNAs, and FAW and SGSB that do not: an increased loqs 
expression.  Variations in the roles of LOQS may exist in these insects, as LOQS isoforms are known 
to perform different functions in both the mi- and siRNA pathways of other insects.  Expression data 
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for FAW r2d2 were not included, but expression of this dsRBP does not differ between WCR and 
SGSB.  Poor expression of r2d2 has previously been suggested as a potential explanation of the 
insensitivity of a lepidopteran ovarian cell line to dsRNA [47].  Furthermore, a previous direct 
comparison of the expression of several core RNAi components in immortalized coleopteran pupal and 
lepidopteran ovarian cell lines showed universally lower expression in the lepidopteran cells, which 
was proposed to partially explain the observed discrepancy in dsRNA sensitivity [46].  Results from 
the current study indicate that expression levels of RNAi genes may not be a consistent source of 
disparity in whole insects.  It is still possible that expression level has fundamentally different effects 
in each insect that would be undetectable from these data.  For example, differences in correlation with 
translation or intrinsic activities of each insects’ proteins would not be apparent.  Expression of RNAi 
proteins specifically in gut tissues may not be comparable to evaluation using whole organisms; 
however, this seems improbable considering oral ingestion is a primary route of insect exposure to 
entomopathogenic viruses for other insects [65].  The expression pattern, transcript, and protein 
abundance of LOQS isoforms and R2D2 in WCR, FAW, and SGSB must be further evaluated. 
Recent research suggests nuclease content and dsRNA uptake mechanisms are important 
factors in determining the effectiveness of eRNAi across different insects [42, 66-70], but limited 
investigation has occurred on the role the core RNAi machinery may also play.  Several differences 
between the core RNAi machinery of WCR, FAW, and SGSB were identified in the present study.  
Although relevance of these differences to eRNAi is unknown, based on the work presented here they 
cannot be ruled out as potential contributors to the differing responses of these insects.  Purified proteins 
for in vitro experimentation and whole organisms under conditions of viral or insecticidal dsRNA 
challenge would assist in parsing the mechanisms and interactions of the core RNAi machinery in these 
three pests.  The information provided here may serve as a basis for such future work. 
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Methods 
Homologue identification 
Putative homologues for core RNAi machinery from WCR, FAW, and SGSB were retrieved 
by locally querying internal cDNA databases with Dme CDSs using the tblastx algorithm.  Resulting 
hits were translated to identify likely CDSs, and those showing adequate length were evaluated by local 
HMMER3.0 scans in the DoMosaics software package (v. 0.92) with Pfam 31.0 HMM libraries [71, 
72].  Translated sequences showing appropriate domain structure were manually corrected if 
misassembled, and analyzed using the pepstats function of EMBOSS Explorer (v. 2.2.0) and Vector 
NTI Advance (v. 10.3.1)  [73, 74].  Final candidates were chosen based on agreement with reference 
sequence protein domain structure and pepstats-estimated properties.  Putative protein isoforms were 
classified by using the blastp algorithm (v. 2.2.13) with several scoring matrices (PAM30, PAM70, 
BLOSUM62) specifically against all reported isoforms of the corresponding Dme protein.  Sequences 
were matched to a Dme isoform based on highest bit score and lowest e-value.  For sequences with 
very close or identical scoring results across more than one Dme isoform, discrepancies in peptide 
length and distinguishing features of MSA were used to differentiate between isoforms.  If unique 
features were unavailable, sequences were classified alphabetically as sub-designations of a parent 
isoform. 
Final evaluation of core RNAi machinery sequences 
Protein domain analysis was conducted using DoMosaics and InterProScan (v. 4.8 with 
InterPro database 42) with a scan cutoff e-value of 10 [75].  In some cases, multiple domain predictions 
overlie the same region and domains showing the lowest e-value were selected for display.  NLS 
sequence was predicted using cNLS Mapper [76].  Multiple sequence alignment was performed using 
the MUSCLE algorithm in the MEGA7 software package (v. 7.0.21) [77], with maximum iterations set 
to 10 and clustering method to UPGMB.  Prior to reconstruction of phylogenetic trees, 56 different 
amino acid substitution models were tested in MEGA7 using a maximum likelihood fit to identify that 
which gave the lowest Bayesian Information Criterion score for each protein dataset.  Trees were then 
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reconstructed in MEGA7 using the maximum likelihood statistical method with Nearest-Neighbor-
Interchange (NNI) heuristic and the WAG+G+F, LG+G+I, and LG+G+F substitution models for the 
RNaseIII, dsRBP, and AGO datasets, respectively [78, 79].  Gaps were included as part of the datasets 
analyzed, and uncertainty in each tree was estimated using 1000 replications of the bootstrap test. 
RNA sample preparation 
Insects were sourced from colonies maintained within an internal insectary (DuPont Pioneer, 
Johnston, IA) at the approximate midpoint of each life stage unless otherwise described (Table 2.2).  
Total RNA was isolated from whole flash-frozen WCR of each of 14 life stages by first homogenizing 
in Buffer RLT with 0.01% PEG using the RNeasy Mini Kit (Qiagen N.V., Hilden, Germany) following 
manufacturer’s instructions.  Directly following column elution, isolated RNAs were DNase-treated 
using the Ambion TURBO DNA-free Kit and associated protocol (Thermo Fisher Scientific, Inc. 
Waltham, MA).  Purified WCR RNAs were checked for quality and quantity using an Agilent 2100 
Bioanalyzer (Agilent Technologies, Inc. Santa Clara, CA) with 2100 Expert software (v. 
B.02.08.SI648).  RNAs larger than 200 nts were isolated from whole live FAW and SGSB of each of 
ten and nine life stages, respectively, using the Ambion miRVana miRNA isolation kit (Thermo Fisher 
Scientific, Inc.).  Directly following column elution, isolated RNAs were DNase-treated for 90 minutes 
using the RNase-free DNase kit (Qiagen N.V.) and re-purified using the Isolate II RNA Micro Kit 
(Bioline, London, England), both per manufacturer’s instructions.  Purified RNAs were checked for 
quality and quantity using a Fragment Analyzer (Advanced Analytical Technologies, Inc. Ankeny, IA) 
with PROSize 2.0 software (v. 1.3.1.1), and then each FAW and SGSB sample was spiked with diluted 
Ambion ERCC Mix 1 (ThermoFisher Scientific, Inc.) at a ratio of 2 µL to 1 µg RNA.  Additional details 
of the FAW and SGSB RNA isolations may be found in Chapter 3. 
Next-generation sequencing 
Sequencing libraries from purified RNAs were prepared using the TruSeq mRNA-Seq kit with 
associated protocol (Illumina, Inc., San Diego, CA).  Briefly, mRNAs were isolated via attachment to 
oligo(dT) beads, chemically fragmented to a mean size of 150 nt, and reverse transcribed into cDNA 
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via random hexamer priming.  Resulting double-stranded cDNA fragments were end-repaired to create 
blunt-end fragments, 3’ adenine-tailed, ligated with indexed TruSeq adapters (Illumina, Inc.), and PCR-
amplified using TruSeq primers (Illumina, Inc.).  Purified PCR-amplified libraries were checked for 
quality and quantity on a Bioanalyzer DNA 7500 chip (Agilent Technologies, Inc.) with 2100 Expert 
software before normalization and sample pooling.  Sample pools of 10 nM were clustered and 
sequenced on the HiSeq 2000 (WCR) or 2500 (WCR, FAW, SGSB) system with TruSeq Sequencing 
By Synthesis Rapid v3 (WCR) or v4 (WCR, FAW, SGSB) chemistry (Illumina, Inc.), as per 
manufacturer’s instructions.  Samples were sequenced single-read, fifty cycles per read, to a minimum 
depth of five million reads per sample and a target depth of ten million reads per sample.  Sequencing 
metrics are described in Appendix A. 
RNA-Seq data normalization 
Raw sequencing reads were trimmed to remove bases with quality scores less than 13 and 
sequence tags less than 24 base pairs (bp), after which samples were deconvoluted based on sequenced 
index identifier.  Filtered reads were aligned to transcriptome assembly references using Bowtie 2 (v. 
2.2.2), and gene fragment counts were estimated using RSEM (v. 1.3.0), both with default settings [80, 
81].  DESeq2 (v. 1.10.0) was used to model gene expression with select measurable ERCC sequences 
as sample scaling controls (FAW and SGSB), independent filtering to optimize power at the 95% 
confidence level, and a variance stabilizing transformation to correct for over-dispersion [82].  
Surrogate variable analysis was then applied using the same ERCC sequences as controls to remove 
batch effects [83].  Model-corrected count values for each transcript were used to generate expression 
pattern graphs by calculating the median and median absolute deviation (MAD) for each sequence per 
sample type. 
Semi-quantitative RT-PCR 
Pools of RNA from whole insects of each of nine life stages per insect were prepared using the 
second procedure described above (described extensively in Chapter 3), and concentrations were 
determined using a NanoDrop 8000 UV-Vis Spectrophotometer (Thermo Fisher Scientific, Inc.) with 
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software (v. 2.3.2).  Reverse transcription was carried out using the SuperScript First-Strand Synthesis 
System for RT-PCR (Thermo Fisher Scientific, Inc.) by loading 125 ng RNA per reaction and following 
manufacturer-provided instructions for a combination of random hexamer and oligo-dT priming.  For 
detection of FAW r2d2, one reaction per life stage was prepared with 1.0 µL of undiluted cDNA and 
primers amplifying a 283 bp transcript region.  For detection of all other genes, three reactions per life 
stage per insect were prepared with 1 µL of a 1:10 cDNA dilution and primers amplifying 300 bp of 
each gene.  PCR reactions were conducted using Platinum PCR SuperMix High Fidelity (FAW r2d2, 
Thermo Fisher Scientific, Inc.) or Phusion High-Fidelity PCR Master Mix (all others, Thermo Fisher 
Scientific, Inc.), according to manufacturer instructions.  No template and no reverse-transcriptase 
controls were also prepared for each primer pair.  Thermal cycling proceeded for 40 (FAW r2d2) or a 
target of 31 (all others) cycles in a C1000 Touch instrument (Bio-Rad Laboratories, Inc., Hercules, 
CA), after which the entirety of each PCR reaction was loaded onto 1.2% agarose gels and 
electrophoresed at 100 volts for 90 minutes.  Size was indicated through use of the ZipRuler Express 
DNA Ladder 1 (Thermo Fisher Scientific, Inc.), and a four-point standard curve of pure 300 bp DNA 
was also included on each quantifying gel.  Gels were post-stained with SYBR Safe DNA gel stain 
(Thermo Fisher Scientific, Inc.) and imaged using a FugiFilm Imager LAS-4000 and ImageQuant LAS-
4000 software (v. 1.1, General Electric Corp., Boston, MA).  Densitometry was performed using 
Carestream Molecular Imaging software (v. 5.07.23, Bruker Corp., Billerica, MA).  Values for core 
machinery genes were assessed both with and without normalization using several reference genes 
confirmed by the same semi-quantitative RT-PCR technique to express at a constant level across life 
stages and insects.  Normalization did not change the expression pattern of core machinery genes, and 
so directly measured values are presented.  Primers and thermal cycling conditions are outlined in Table 
2.3. 
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Abstract 
Western corn rootworm (WCR) is a serious agricultural pest affecting North America and now 
Europe via several transatlantic introductions.  This insect is highly adaptive to various management 
strategies, giving rise to the need for new control options.  Transgenic maize expressing insecticidal 
RNAs represents a novel mode of action for rootworm management and is dependent on the RNA 
interference (RNAi) pathways of the insect for efficacy.  Real-time polymerase chain reaction assays 
were designed and optimized to measure transcript expression levels of eight genes predicted to be 
centrally involved in the WCR RNAi pathways.  A pipeline was developed for isolating high-quality 
RNA from nine different points in the WCR life cycle, and was additionally tested using samples from 
two other insects.  Each of the WCR sample types was validated for use with each of the eight assays 
in reverse transcription and polymerase chain reaction linearity experiments, yielding conditions under 
which the targets may be analyzed accurately.  These assays will be useful tools for studying the RNAi 
pathways in WCR and for monitoring changes in expression of these RNAi genes in field populations 
of WCR. 
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Introduction 
The prominent Zea mays (maize) pest Diabrotica virgifera virgifera (western corn rootworm 
– WCR) costs an estimated $1.17 billion annually in North American management inputs and yield 
loss [1].  While WCR is controlled in the United States through plant-incorporated protectants derived 
from Bacillus thuringiensis toxins and crop rotation practices, this insect has developed resistance to 
both approaches (reviewed in [2, 3]).  Maize expressing insecticidal RNAs that target and limit 
expression of essential WCR genes is a novel mode of action being actively developed by the 
agricultural biotechnology industry (reviewed in [2]).  The activity of these insecticides depends on a 
mechanism within the insect known to be widely conserved across plants and animals: RNA 
interference (RNAi). 
Substrates of the RNAi pathways mediated by microRNAs (miRNAs) and small interfering 
RNAs (siRNAs) are the primary focus of current research efforts for insect control [4, 5].  Based on 
studies in Drosophila melanogaster, eight proteins have been identified as directly enabling the 
interference response: Drosha, Pasha, Dicer-1 (DCR-1), Loquacious (LOQS), and Argonaute 1 (AGO1) 
for the miRNA pathway, and Dicer-2 (DCR-2), R2D2, and Argonaute 2 (AGO2) for the siRNA 
pathway [6-17].  A previous study reported that decreased expression of two of these genes in adult 
WCR—dcr-2 and ago2—may confer protection against insecticidal dsRNA without causing mortality. 
thus representing a possible resistance mechanism [18].  A mechanism of WCR resistance involving 
the core RNAi machinery would potentially grant resistance across all RNAi-based control technology; 
therefore, it is necessary to understand whether such mechanisms are feasible, as well as develop 
methods for monitoring expression changes in these genes. 
Reverse transcription quantitative polymerase chain reaction (RT-qPCR) is a technique 
commonly used to assess expression levels of target genes, and has been applied to the study of WCR 
genes in conjunction with the development of transgenic RNAi crop traits [19-21].  Biologically 
relevant expression analysis using RT-qPCR is predominantly a relative measurement that depends on 
the relationship between the target gene being measured and two or more normalizing (“reference”) 
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RNAs—either other endogenously expressed transcripts or artificial species introduced into a sample 
prior to RNA isolation [22-27].  Extensive optimization is required to ensure the accurate preservation 
and measurement of this relationship (Figure 3.1).  A set of guidelines has been previously proposed to 
ensure published RT-qPCR results have been generated using assays that appropriately control for 
many sources of variability that can affect final results—the Minimum Information for Publication of 
Quantitative Real-Time PCR Experiments (MIQE) guidelines [28].   
The current work describes design and optimization of MIQE-compliant RT-qPCR assays for 
detection of the eight putative WCR core RNAi machinery genes (Chapter 2).  Primers and probes were 
designed for each of eight genes, and paired with sets detecting two WCR reference genes to give 
functional triplex assays.  A series of experiments were then performed to determine technical 
parameters for each assay, including reaction efficiency, precision, and limits of detection.  The 
resulting eight assays meet stringent guidelines and should accurately detect the core RNAi machinery 
in nine validated WCR sample types. 
 
Results and Discussion 
Determination of insect sample handling and RNA isolation procedures 
Accurate RT-qPCR results depend heavily on the quality of the RNA being analyzed [28, 29]; 
therefore, the production and handling of RNA for analysis of WCR genes was carefully considered.  
A commercially-available, silica resin spin column-based RNA isolation kit was chosen to allow 
simultaneous isolation of both the large RNA (>200 nt) and small RNA (<200 nt) fractions from the 
same sample.  Moreover, this isolation protocol begins with a phenol-chloroform extraction of sample 
homogenates.  Such a step was attractive to ensure removal of certain insect pigments which can affect 
downstream fluorescence-based applications (Heather Christensen, Amit Sethi, personal 
communications).  Initial yield was spectrophotometrically confirmed to be adequate for representative 
sample types when following basic manufacturer-provided instructions. 
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Kits detailing isolation of RNA in the manner described above sometimes state that additional 
treatment to remove contaminating DNA is optional.  However, evaluation of representative WCR 
samples via RT-qPCR show at least half of the large nucleic acid fraction is DNA (Figure 3.2).  A series 
of DNase digestion conditions, including DNase source, incubation time, and incubation format (on-
column or in-solution), were evaluated to determine which would adequately remove contaminating 
DNA as determined by the quantification cycle (Cq) difference between analysis of a sample with and 
without reverse transcription.  For on-column treatment, DNase was added directly to the column, 
incubated for a period of time, and removed from the column through washes already included in the 
isolation procedure.  In-solution treatment occurred following RNA elution from the column, where 
DNase was added to the purified RNA, incubated for a period of time, and removed from the sample 
using a second clean-up column.  On-column DNase treatment is more convenient and results in less 
sample loss; however, it is inefficient.  Even a significant increase over manufacturer’s instructions to 
both the amount of DNase added and incubation times is unable to remove contaminating DNAs.  In-
solution DNase treatment is most effective in removing contaminating DNA, but additional steps are 
necessary for subsequent DNase removal.  Both bead- and column-based capture systems successfully 
removed DNase as verified by spectrophotometric readings (Figure 3.2), though column-based Qiagen 
DNase removal is recommended in the final procedure to ensure no lingering reagent contamination 
and to provide a concentration step.  This testing additionally revealed that the ef1α qPCR primers used 
in the current study are particularly sensitive to the presence of DNA, and can be a useful indicator as 
to the DNA contamination level of WCR RNA being isolated by any given method. 
Performance of terminal downstream analyses on the day RNA is isolated directly from living 
tissue would provide the most reliable data.  However, because these steps could not all be conducted 
on the same day, storage stability of select WCR homogenates and isolated RNAs was assessed.  
Homogenates of pupae and pregnant adult females were prepared from live insects and aliquots 
underwent either RNA isolation or flash-freezing and storage at -80°C.  RNAs isolated from both fresh 
and  frozen homogenates  were flash-frozen  and stored  at -80°C  for at least one day prior to fragment 
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Figure 3.2.  Effectiveness of DNase treatments on removal of DNA contamination in isolated WCR RNA.  Five 
conditions for DNase treatment of several different representative WCR sample types were 
evaluated to determine which would adequately remove contaminating DNA: 1 = no DNase 
treatment; 2 = on-column with Thermo Fisher PureLink DNase Set, 1.5 hrs incubation at 25°C; 3 = 
on-column with Qiagen RNase-free DNase Set, 1.5 hrs incubation at 25°C; 4 = in-solution with 
RNase-free DNase (1.5 hrs incubation at 25°C) and column-based DNase removal; 5 = in-solution 
with Ambion TURBO DNA-free Kit (1 hr incubation at 37°C) and bead-based DNase removal.  
Test samples were isolated from various points throughout the WCR life cycle with the Ambion 
mirVana miRNA Isolation Kit, and include one with various life stages mixed together (Mixed), 
eggs less than 24 hours old (early egg – EE), eggs less than 24 hours to hatch (late egg – LE), first 
through third larval instar (1st – 3rd), pupa (P), adult male (AM), adult female (AF), and pregnant 
female (PF).  Efficiency of the DNase treatment is signified by the difference between the Cq of 
each reference gene (α-tubulin top, ef1α bottom) detected in a no reverse transcriptase control 
sample (NRTC) and the corresponding reverse-transcribed sample.  Orange dotted lines indicate a 
threshold below which ΔCq is considered unacceptable (ΔCq ≤5 indicates ≥3.13% contribution of 
DNA to signal).  ef1α results for EE, LE, and 1st instar samples under Condition 4 indicate 
difference from the LOD of the assay, not a true insufficient separation of the NRTC and sample. 
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Figure 3.3. Storage stability of WCR sample homogenates and isolated RNA.  Fresh homogenates were used 
for RNA isolation on the day of live insect homogenization.  Frozen homogenate aliquots were 
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stored for 53 days, after which they were removed and used for RNA isolation.  Frozen isolated 
RNA was stored for 495 days and had been through several freeze-thaw cycles.  The first shaded 
peak in each electropherogram around 2000 nt represents both the 18S and two fragments of 28S 
rRNA.  The second shaded peak around 4000 nt represents non-denatured 28S rRNA. 
 
analysis.  No evidence of additional degradation is observed for the RNA isolated from stored 
homogenates as opposed to fresh homogenates for either sample type (Figure 3.3).  Furthermore, 
storage of purified RNAs does not reduce RNA quality numbers (RQN) or change electropherogram 
profiles, which would have indicated degradation (Figure 3.3).  Together, these results show that 
storage of WCR homogenates and isolated RNA is suitable for downstream qPCR analysis. 
Yield and quality of isolated insect RNA 
Employing the final sample handling and isolation conditions, large RNAs from a variety of 
WCR sample types were evaluated for recovery, purity, and quality by means of spectrophotometry 
and fragment analysis.  Representative RNA yield per homogenate aliquot increases as WCR size 
increases until plateauing at second instar (Figure 3.4A).  Absorbance ratios measured for each sample 
type are within expected ranges for pure RNA free from chemical contamination (Figure 3.4B) [30], 
and representative measures of RQNs are above the generally recommended cutoff of 8.0 for all sample 
types except WCR third instar and pupae (Figure 3.4C) [31].  RNA samples with RQNs lower than 8.0 
may be used so long as other evidence indicates excessive degradation has not occurred.  RNA of many 
insects can appear artificially degraded due to the presence of a central gap deletion in the 28S 
ribosomal RNA (rRNA) [32, 33].  Denaturation of hydrogen bonds holding the α and β 28S rRNAs 
together through heating or chemical exposure results in two fragments similar in size to the 18S rRNA.  
These three RNAs together form a single band on gels or peak in electropherograms; it appears that the 
WCR 28S rRNA contains this gap (Figure 3.3).   These results collectively show that the optimized 
handling and isolation procedure developed here produces WCR RNA samples of adequate 
concentration and quality for RT-qPCR analysis. 
In order to determine whether this optimized method could be applied to the isolation of RNA 
from  other insect pests, nine  life stages each  of Spodoptera frugiperda  (fall armyworm – FAW) and 
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Figure 3.4. Quality and purity of RNA isolated from different insect life stages using an optimized procedure.  
Values represent the averages (±SD) calculated from 3-5 samples per life stage, and are plotted with 
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WCR shown in black squares, FAW in dark grey triangles, and SGSB in light grey circles.  Numbers 
across the x-axes correspond to the following insect life stages: for all three insects 1 = early egg 
(eggs <24 hours old), 2 = late egg (eggs <24 hours to hatch), 3 = first instar larva, 7 = adult male, 8 
= adult female, and 9 = adult pregnant female; for WCR 4 = second instar larva, 5 = third instar 
larva, and 6 = pupa; for FAW 4 = third instar larva, 5 = sixth instar larva, and 6 = pupa; for SGSB 
4 = second instar nymph, 5 = third instar nymph, 6 = fifth instar nymph.  A) Recovery of large RNAs 
(>200 nt) across insect life stage, shown on the logarithmic scale.  B) Absorbance ratios of isolated 
large RNAs across insect life stage.  Orange dotted lines indicate recommended values should be 
between 1.8 and 2.2.  C) RQN of isolated large RNAs across insect life stage.  Orange dotted line 
indicates recommended values should be above 8.0. 
 
Nezara viridula (southern green stink bug – SGSB) were isolated and evaluated.  Again, yield from 
representative samples plateaus after the three youngest life stages where insects are smallest (Figure 
3.4A).  Assessment of purity and RQN shows that isolated FAW and SGSB RNAs produced from this 
method are as high-quality as those from WCR.  All samples show acceptable absorbance ratios, and 
the only stages showing an RQN less than 8.0 are SGSB early egg, late egg, and adult male (Figures 
3.4B and 3.4C).  Both FAW and SGSB also exhibit the single gel band or electropherogram peak 
indicating the presence of a 28S rRNA gap (data not shown).  Based on these results, the handling and 
isolation method developed here may be extrapolated to samples from a wider variety of insects. 
Design and specificity of primer-probe pairs 
In order to provide elevated specificity during expression analysis of WCR core RNAi 
machinery, hydrolysis probe-based detection was used.  Two genes previously validated as good 
references in WCR sample types were selected [19, 34, 35], and primers for those as well as each of 
the eight core RNAi machinery genes were designed.  Assays were intended to be developed as triplexes 
between the two references and a single core machinery gene.  Characteristics of the targets, primers, 
and amplicons appear in Table 3.1.  Specificity of chosen primers was evaluated in WCR using gels 
and in silico screening, and in other species using in silico screening.  The main amplicon produced 
from each primer pair is of the expected size (Figure 3.5 & Table 3.1).  Secondary products of lesser 
abundance can also be seen upon higher-resolution gel separation; these are considered to indicate 
either primer-dimers or potential variants in the WCR population, as the cDNA used reflects many 
insects from each of nine life stages.  The presence of these additional minor products are not considered  
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Figure 3.5. Specificity of RT-qPCR assay primers in WCR.  The qPCR primers designed against each of the 
eight core RNAi machinery genes and two reference genes were utilized in PCR reactions.  Half of 
each reaction was loaded onto a 1.8% agarose gel (left), and half onto a 15% polyacrylamide gel 
(right).  The main band produced from each primer pair reaction is visible and of the expected size 
(listed in Table 3.1).  Secondary products of lesser abundance in the acrylamide gel represent primer-
dimers (below 15 nt), variation in the WCR population (35-150 nt), or possible carryover 
contamination of the cDNA sample (>150 nt). 
 
to affect the capacity of each primer pair to specifically detect the intended target, a conclusion 
supported by an in silico screen of internal and external WCR sequencing databases, where matches 
appeared only in the intended WCR target gene (Table 3.2).  An ~850 bp product is observed in the 
dcr-1 reaction, but was not seen with previous cDNA preparations; this is a contaminant that is not 
reflective of all WCR cDNA preparations and likely has no impact on primer function.  Further 
screening outside WCR reveals that, with the exception of Diabrotica barberi r2d2, these primers are 
not expected to reliably cross-react with targets in other surveyed coleopteran, lepidopteran, or 
hemipteran insects (Table 3.2).  Transcripts of the assay targets were additionally examined for 
prohibitive structure in or around each qPCR amplicon site through in silico folding prediction, and 
none is observed (Figure 3.6 and data not shown).  Together, these results show the chosen primers are 
appropriate for use in specific PCR-based detection of each WCR transcript. 
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Figure 3.6. Predicted transcript and amplicon structure of core RNAi machinery RT-qPCR assays.  Predicted 
secondary structure of the target RNA transcripts (large images) and of amplicons generated by 
qPCR primers (small images).  Black lines on each transcript indicate location of the qPCR 
amplicon.  Melting temperature (Tm) of the amplicons are displayed, and free-energy estimation of 
the amplicon fold is listed in Table 3.1. 
 
Optimization of PCR reaction efficiency 
To begin assay development for detection of core WCR RNAi machinery, various 
concentrations of primers and probes were tested using dilutions of WCR cDNA to determine which 
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combinations gave a Cq in the range of 25-30 for each gene, as well as acceptable reaction efficiency.  
The most accurate PCR reactions show a perfect doubling of product after each cycle, which 
corresponds to 100% efficiency.  Acceptable reaction efficiency for qPCR assays is considered to be 
90-110% [36].  Once determined initially, optimal concentrations for both reference genes and a core 
machinery target gene were triplexed and re-evaluated for agreement with singleplex Cq and efficiency 
values [37].  After values were confirmed to have not deviated (data not shown), efficiency was re-
evaluated over a nine-point ten-fold-dilution-series standard curve of synthetic DNA fragments—one 
per target.  Lastly, a faster thermal cycling protocol was tested to see whether reaction times could be 
decreased.  Final conditions for each of the eight triplex assays are described in Table 3.3.  Only three 
assays—those measuring dcr-2, loqs, and ago2—must use normal cycling conditions, while the 
remainder may undergo faster thermal cycling.  All assays feature nine logs of dynamic range with 
efficiency maintained between 90-110% (Tables 3.4 and 3.5), as has been suggested for best qPCR 
accuracy [37, 38].  These results demonstrate that when the core machinery qPCR primers are used 
under optimized conditions, they detect the intended targets in WCR cDNA with good efficiency. 
Assessment of assay precision 
Intra- and inter-assay precision was measured for each of the WCR core machinery qPCR 
assays to determine the variation in repeated measurements of the same sample.  Intra-assay precision, 
also known as repeatability, denotes variation in sample measurement within the same assay plate.  
Inter-assay precision, also known as reproducibility, denotes variation in sample measurement across 
different plates and can go so far as to include measurement by different laboratories.  Assay precision 
has previously been reported as percent coefficient of variation (%CV) of Cq values [39, 40], and has 
been widely considered to be ideal if ≤1.0.  However, because variation of Cq values is small and may 
underrepresent the true assay variability [41], it is recommended that repeatability be represented as 
standard deviation (s or SD) of Cq values and reproducibility as s of concentration values or copy 
number [28].  For a qPCR reaction showing 100% efficiency, Cqs for the same sample must exhibit s 
≤0.250 in order to distinguish between two-fold template dilutions in greater than 95% of measurements 
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[38].  Reasonable variation in measured concentration of a sample has been suggested as %CV of 15-
30 [42, 43].  Repeatability for the WCR RNAi machinery qPCR assays was determined using 48 
technical replicates within a plate, and reproducibility using 144 technical replicates across three plates 
and two days (Table 3.6).  Results show that 19 of the 24 individual assay targets have acceptable 
repeatability (Cq s ≤0.250), and 21 of 24 individual assay targets have acceptable reproducibility 
(concentration CV<30%).  The dcr-1 and dcr-2 assays contain the five targets with calculated Cq s 
>0.250, and two of the targets with %CV>30.  These assays were optimized prior to switching to 
standard sample preparation in ultra-low DNA-binding plastics, and the dcr standards suffered from 
adsorption to the tube walls causing an artificial inflation of these numbers.  Preparation of all qPCR 
standards and unknown samples should be conducted using ultra-low DNA-binding plastics to 
minimize similar issues.  Overall, the results of precision testing indicate that the WCR RNAi 
machinery qPCR assays display high technical repeatability and reproducibility. 
Identification of limits of detection 
Limits of detection were determined for the qPCR assays measuring WCR core RNAi 
machinery to ensure that trustworthy values are included in final calculations of gene expression 
analysis.  The linear dynamic range of a well-optimized qPCR assay should span 7-8 orders of 
magnitude with the use of pure DNA standards [36], as demonstrated for the current qPCR assays.  
Because assay linearity was not confirmed above the most concentrated standard, 3.13×102 pg·µL-1 is 
set as the technical upper limit of detection (ULOD) for all assays and targets.  More important to 
accurate analysis of gene expression level is the lower limit of detection (LLOD); for qPCR this is 
defined as the concentration at which signal detection in a positive control sample is distinguishable 
from zero (undetected) with ≥95% frequency.  Low template copy numbers follow a Poisson 
distribution, and therefore detection suffers from stochastic limitations [44].  The LLOD for each target 
of the WCR core machinery assays was empirically determined by preparing standards containing a 
low concentration of template, further diluting those standards in two-fold steps, and analyzing each 
dilution using 168 technical replicates.  The concentration preceding a detection rate below 95% was 
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assigned as the LLOD (Table 3.6).  Results show that half of the LLODs are below the last standard 
curve point of 3.13×10-6 pg·µL-1, and half are above.  The dcr-1 and especially dcr-2 assay primers 
seem to have higher LLODs than the others, but again this is likely due to adsorption of standard DNAs 
to the tube plastic rather than primer insensitivity. 
Validation of reverse transcription and quantitative PCR linearity in nine WCR sample types 
Choosing the reverse transcription protocol is a crucial step in gene expression analysis.  The 
main aims of this step are to both preserve the relationship between the target and reference genes and 
identify conditions that depict this relationship accurately.  Several commercially available reverse 
transcription kits have previously been evaluated for both low and high abundance transcripts [45].  
According to those findings, SuperScript II was the best at producing cDNAs from low-abundance 
transcripts, but the cDNA produced from all tested kits required at least a 1:10 dilution to attenuate 
effects of qPCR inhibitors.  Based on the results of RNA sequencing experiments across life stage 
(Chapter 2), expression of the core RNAi machinery in WCR is low.  Therefore, the SuperScript II kit 
and two others were used to reverse transcribe WCR RNA from three different life stages.  Kit 
performance was evaluated using the optimized dcr-1 assay and a two-fold twelve-point dilution series 
of RNA from each stage. 
Dilutions of RNA from each stage were used to pinpoint which concentration range for each 
kit—if any—both maintained a stable relationship between the target gene and both reference genes, 
and exhibited acceptable reaction efficiency of 90-110% indicating a one-to-one conversion of RNA to 
cDNA [28, 36, 45].  Because cDNA underwent a mandatory 1:10 dilution prior to qPCR analysis, 
inhibition due to components of the reverse transcription kits should have been minimized in these 
analyses.  Overall, the SuperScript II kit maintains the most consistent difference between the target 
genes and two reference genes across dilutions, and also shows good reaction efficiency (Figure 3.7).  
The SensiFAST kit performs nearly as well, but does show more instances of depressed or elevated 
efficiency.  The SensiFAST cDNA synthesis kit has been developed and optimized to work with 
SensiFAST  master  mix which was used in  the qPCR reactions  for this study, so qPCR inhibitors  are  
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Figure 3.7. Effect of RNA dilution and reverse transcription kit on the relationship between WCR target and 
reference genes.  Three different reverse transcription kits were examined for ability to accurately 
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maintain the relationship between dcr-1 expression and the two reference genes α-tubulin and ef1α 
in samples from three different WCR life stages: early egg (EE), pupa (P), and pregnant female 
(PF).  A) Relationship between dcr-1 and α-tubulin (top) or ef1α (bottom) at 1:10 (black bars) and 
1:80 (grey bars) RNA dilutions, represented as Cq between the target and reference genes.  The 
kit showing the least difference between dilutions for both reference genes within a sample across 
all tested sample types is considered to have performed the best.  B) Efficiency of reverse 
transcription across an RNA dilution series (1:10, 1:20, 1:40, 1:80) for dcr-1 (black squares), α-
tubulin (dark grey triangles), and ef1α (light grey triangles).  Orange dotted lines indicate 
recommended values should be between 90 and 110%. 
 
unlikely to blame.  It is possible this kit produces unequal conversion of some of the assay targets due 
to a lower denaturation and annealing temperature (25°C versus 65°C), but it is suitable for use with 
some sample types.  Finally, the SuperScript IV kit shows very high levels of either unequal target 
conversion or qPCR inhibition.  An extreme inhibitory effect was previously reported for SuperScript 
III, so this may also be the case for SuperScript IV and a higher dilution of cDNA should be evaluated 
prior to use of this kit for quantitative purposes.  The SuperScript II kit was then used to identify an 
optimal RNA concentration for the dcr-1 qPCR assay in an additional six WCR life stages, and also for 
each of the other seven core machinery qPCR assays across all nine WCR life stages (Table 3.7).  These 
results show that when optimal RNA concentrations are used, the SuperScript II kit will yield accurate 
cDNA for analysis of WCR core machinery. 
As discussed, several steps in the process of preparing samples for gene expression analysis 
can introduce inhibitors that will decrease the efficiency and therefore the sensitivity and accuracy of 
qPCR reactions.  Oftentimes, the effects of these inhibitors may be released upon further dilution of 
cDNA prior to qPCR analysis.  Linearity of WCR assay target genes was assessed using representative 
samples to determine what level of dilution is required when analyzing WCR samples reverse-
transcribed at an optimal concentration of RNA.  Beginning at a baseline 1:10 dilution as recommended 
for the SuperScript II reverse transcription kit [45], two-fold, eight-point cDNA dilution series were 
prepared from nine different WCR life stages and analyzed by the eight optimized WCR real-time PCR 
assays.  Linearity for each target in each dilution series was assessed for variation in interpolated values 
after application of the appropriate dilution factor.  The cDNA dilutions showing a linear range— 
defined as the set of dilutions giving values that collectively show a %CV<15—was determined for 
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each WCR core machinery assay target at each WCR life stage (Table 3.8).  With both dcr-1 and dcr-
2 assays it is best to analyze samples at the minimum dilution of 1:10, while DNA samples analyzed 
for drosha must be diluted an additional 1:4 dilution and all other targets an additional 1:2.  These 
results demonstrate that if WCR cDNA is prepared and diluted appropriately, the core RNAi machinery 
can be accurately analyzed by qPCR in the nine validated sample types. 
 
Conclusion 
Eight triplex RT-qPCR assays have been developed according to the MIQE guidelines for 
accurate detection of expression changes in WCR core RNAi machinery.  Optimized conditions for 
these assays are restricted to cDNA that has been prepared using the RNA isolation and reverse 
transcription procedures specifically for the validated sample types described herein.  Analysis of the 
assay targets in alternative sample types or in samples prepared by alternative methods must undergo 
validation to ensure accuracy is maintained, as outlined in Figure 3.1.  These assays may be used to 
study the RNAi mechanism in WCR, as well as serve as a method for resistance monitoring in the case 
of involvement of the core RNAi components in WCR resistance to transgenic RNAi traits. 
 
Methods 
Sample preparation and RNA isolation 
RNA samples were isolated using the Ambion mirVana miRNA Isolation Kit and associated 
protocol (Thermo Fisher Scientific Inc., Waltham, MA).  In summary, live insects from different life 
stages (described in Chapters 1 and 2) were weighed and homogenized in Lysis Buffer using a 
motorized rotor-stator homogenizer at a ratio of 0.1 g to 1 mL Lysis Buffer.  A minimum of 350 µL 
buffer was used for all samples weighing less than or equal to 35 mg.  One-tenth the total homogenate 
volume of miRNA Homogenate Additive was added, and following a 10-minute incubation on ice, 
aliquots of 500 µL—or 350 µL for low-mass samples—were extracted with an equal volume of acid-
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phenol:chloroform.  RNAs from the aqueous phase were selectively bound to a column under 
appropriate salt and water content, washed several times, and eluted in nuclease-free water with an 
extended final spin of 5 minutes.  All homogenates or isolated RNAs were flash-frozen in liquid 
nitrogen for at least 1 minute—or until visibly solid and opaque—prior to storage at -80°C.  Sample 
homogenates or isolated RNAs were thawed on wet ice on the day of use. 
DNase treatment 
Optimization of DNase treatment encompassed the following procedures:  On-column DNase 
treatment occurred after initial binding of the large RNA fraction to the column, with 160 µL RNase-
free DNase Set (Qiagen N.V., Hilden, Germany) reconstituted as per manufacturer’s instructions, or 
PureLink DNase Set (Thermo Fisher Scientific, Inc.).  Columns were allowed to incubate for 1.5 hours 
at 25°C, then carried through the remainder of the isolation procedure.  In-solution DNase treatment 
occurred directly following elution of RNAs from the column.  Digestion by the RNase-free DNase Set 
was conducted by adding 2.5 µL reconstituted DNaseI and 10.8 µL Buffer RDD to 100 µL isolated 
RNAs and incubating for 1.5 hours at 25°C.  Removal of Qiagen DNase was accomplished using the 
ISOLATE II RNA Mini Kit and clean-up protocol (Bioline, London, England).  Digestion by the 
TURBO DNA-free Kit was conducted by adding 1 µL rDNaseI and 10 µL 10X DNaseI Buffer to 100 
µL isolated RNAs and incubating for 1 hour at 37°C.  Removal of the TURBO DNase was 
accomplished via the bead-based Inactivation Reagent included in the TURBO DNase kit and 
associated manufacturer’s instructions. 
RNA concentration and quality measurements 
Purified large RNAs were evaluated for concentration and quality by electrophoresing 1 µL on 
a Fragment Analyzer (Advanced Analytical Technologies, Inc. Ankeny, IA) using the Standard 
Sensitivity RNA Analysis Kit (Advanced Analytical Technologies, Inc.).  Smear analysis ranges used 
to produce concentration values were set to 200-700 nt for large RNA.  Electropherograms, 
concentration values, and RQNs were generated using PROSize 2.0 software (v. 1.3.1.1).  RNA 
samples used in the preparation of cDNA for qPCR optimization experiments were quantified using 
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the NanoDrop 8000 UV-Vis Spectrophotometer (Thermo Fisher Scientific, Inc.) with software (v. 
2.3.2). 
Gel electrophoresis 
The specificity of WCR qPCR primers was assessed by running PCR using each qPCR primer 
pair at a concentration of 300 nM, 1 µL of cDNA pooled from nine different WCR life stages, and 
Platinum PCR SuperMix High Fidelity (Thermo Fisher Scientific, Inc.).  Thermal cycling proceeded 
for 40 cycles using manufacturer-recommended conditions and an annealing temperature of 67°C, after 
which half of each reaction was loaded onto either a 1.2% agarose gel containing 1.0 µg·mL-1 ethidium 
bromide (VWR International, L.L.C., Radnor, PA) or Novex 15% polyacrylamide TBE-Urea gels 
(Thermo Fisher Scientific, Inc.).  Amplicon size was indicated on the agarose gel by the ZipRuler 
Express DNA Ladder 1 (Thermo Fisher Scientific, Inc.), and on the acrylamide gels by the 
O’GeneRuler Ultra Low Range DNA Ladder (Thermo Fisher Scientific, Inc.).  The agarose gel was 
electrophoresed at 80 volts (V) for 90 minutes, and the acrylamide gels for 10 minutes at 180 V, then 
125 minutes at 120 V.  Acrylamide gels were stained with 1·10,000-1× ethidium bromide for 2 minutes, 
and destained in distilled water for 5 minutes prior to imaging.  Gels were imaged using an AlphaImager 
HP (Bio-Techne Corp, Minneapolis, MN) with AlphaView software (v. 3.4.0). 
Formulation of DNA standards 
DNA standards were prepared by PCR-amplifying a synthetic gene fragment (Integrated DNA 
Technologies, Inc., Coralville, IA) of 500 bp encompassing the site of each WCR qPCR assay target 
(eight genes of interest and two reference genes).  An aliquot of each PCR reaction was visualized on 
an agarose gel to confirm a single product of 500 bp, after which the remainder of each reaction was 
cleaned and concentrated using the QIAquick PCR Purification Kit (Qiagen, N.V.).  Following 
quantification via spectrophotometry on the NanoDrop 8000, standards were diluted as necessary.  
Standard curves were formulated to contain one assay target using a ten-fold serial dilution from 
3.13×102 pg·µL-1 to 3.13×10-6 pg·µL-1.  Precision standards were formulated to contain all three 
synthetic DNA targets per assay at a concentration of 3.13×10-3 pg·µL-1, representing the midpoint of 
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the standard curves.  Standards for use in lower limits of detection experiments were specially 
formulated to contain all three synthetic DNA targets per assay starting at 3.13×10-5 pg·µL-1, and were 
serially diluted using two-fold steps as necessary.  With the exception of dcr-1 and dcr-2, low DNA-
binding 0.2 mL PCR strip tubes with caps (Bioplastics/Cyclertest, Inc. Durham, NC) were used to 
prepare all standards. 
Reverse transcription and real-time PCR 
Primers and probes were designed using Primer Express (v. 3.0.1, Applied Biosystems Corp., 
Foster City, CA), and screened in silico for unfavorable interactions with Vector NTI Advance (v. 
10.3.1) and AutoDimer (v. 1.0) [46, 47].  Target transcripts and amplicons were tested in silico for 
potential interfering secondary structure using an internal program similar to Mfold [48].  Reverse 
transcription was then performed using the SensiFAST cDNA Synthesis Kit (Bioline), the SuperScript 
First-Strand Synthesis System for RT-PCR (Thermo Fisher Scientific, Inc.), or the SuperScript IV One-
Step RT-PCR system (Thermo Fisher Scientific, Inc.) on a two-fold dilution series from 500 to 0.24 ng 
per reaction of each of WCR early egg, pupal, and pregnant female RNA.  Final analysis was conducted 
on cDNA from each WCR life stage using SuperScript First-Strand Synthesis System for RT-PCR.  
Reaction conditions were as described in manufacturer’s instructions for a mix of both oligo-dT and 
random hexamer priming, and were conducted in a C1000 Touch instrument (Bio-Rad Laboratories, 
Inc., Hercules, CA).  Resulting cDNA for each RNA input level was then further diluted using two-
fold dilution steps from undiluted to 1:128, and stored at -80°C prior to analysis.  The SensiFAST Probe 
Lo-ROX Kit (Bioline) were used to amplify 1 µL DNA in 10 µL total reaction volumes on Axygen 
384-well PCR microplates (Corning, Inc., Corning, NY) covered with MicroAmp Optical Adhesive 
Film (Thermo Fisher Scientific, Inc.).  In addition to analytical samples and unless otherwise specified, 
each plate contained three nine-log standard curves of synthetic DNA fragments (one per assay target) 
and no amplification controls (no template control—NTC—and no reverse transcriptase controls—
NRTCs).  Standard curves, no amplification controls, and samples were analyzed in triplicate unless 
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otherwise stated.  Quantitative PCR was conducted using the Life Technologies Viia 7 Real-Time PCR 
System (Thermo Fisher Scientific, Inc.). 
qPCR data analysis 
Quantitative PCR data were generated for the core RNAi machinery assays using the 
QuantStudio Real-Time PCR Software (v. 1.1) (Thermo Fisher Scientific, Inc.) with standard curve 
experimental design.  Plate acceptability was defined by standard curves showing 90-110% reaction 
efficiency for all targets from curves with an R2 value of ≥0.98 and at least one value per concentration 
level, no detectable signal for any NTC, and NRTCs showing a Cq >5 from the most concentrated 
unknown sample.  Data were further screened for technical replicate outliers, and samples with less 
than two technical replicates giving standard deviations ≤0.250, or with interpolated values below the 
limit of detection for any assay target, were re-analyzed or removed from further calculations. 
Statistical analysis 
Statistical analyses were conducted using SAS software (v. 9.4) (SAS Institute Inc., Cary, NC).  
To estimate efficiency of the qPCR reaction for each assay, the following linear fixed effects model 
was applied to standard curve data across multiple plates and days for each assay and target: 
𝑌𝑖𝑗𝑘 = 𝑃𝑗 + 𝛽𝑗𝑋𝑖 + 𝜖𝑖𝑗𝑘 
where Yijk is the Cq of the kth sample of the ith concentration on the jth plate, Pj denotes the intercept of 
the jth plate, Xi denotes the logarithm of the ith concentration, βj denotes the slope for the jth plate, and 
εijk denotes residual where εijk ~ iid N(0, σ
2
Error). 
Since efficiency was determined for the set of plates in this study only, plate was treated as a 
fixed effect.  Overall slope across plates was estimated for each standard curve, accounting for different 
plates potentially having significantly different slopes.  Efficiency of qPCR was determined from the 
estimated slope using the equation: 
𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  (10−1/𝑠𝑙𝑜𝑝𝑒 − 1) ∙ 100 
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Confidence intervals of estimated efficiencies for each assay and target were then calculated from the 
confidence interval of the estimated slopes.  The standard error of efficiency was calculated with the 
Delta method as follows: 
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐸𝑟𝑟𝑜𝑟 𝑜𝑓 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = √(
10−1/𝑠𝑙𝑜𝑝𝑒 ∙  ln (10)
𝑠𝑙𝑜𝑝𝑒2
)
2
 ∙ 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐸𝑟𝑟𝑜𝑟 𝑜𝑓 𝑆𝑙𝑜𝑝𝑒 
The 95% confidence intervals of the estimated Cq at each of the different concentrations tested 
were also estimated across plates to show viability at different concentrations along the standard curve.  
The Bonferroni method was applied for multiplicity adjustment of these confidence intervals. 
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Table 3.3. Final optimized analytical conditions for WCR qPCR assays 
Abbreviations: bp - base pairs; Tm - Oligonucleotide melting temperature as predicted by Applied Biosystems Primer Express 
software (v. 3.0.1); °C - degrees Celsius; Conc. - concentration; nM - nanomolar 
Assay Target 
Forward primer Reverse primer 
Length 
(bp) 
Tm 
(°C) 
GC 
content 
(%) 
Final qPCR 
conc. (nM) 
Length 
(bp) 
Tm 
(°C) 
GC 
content 
(%) 
Final qPCR 
conc. (nM) 
All 
α-tubulin 20 58.1 50 70 21 59.0 43 70 
ef1α 23 58.6 48 500 25 59.0 32 500 
Drosha drosha 18 58.0 56 300 20 58.0 45 300 
DCR-1 dcr-1 20 58.9 55 500 18 59.7 61 500 
DCR-2 dcr-2 25 58.0 36 300 25 58.0 36 300 
Pasha pasha 21 59.0 52 200 19 59.0 53 200 
LOQS loqs 22 59.0 50 400 21 60.0 52 400 
R2D2 r2d2 24 59.0 42 400 24 59.0 33 400 
AGO1 ago1 21 58.0 52 400 20 59.0 45 400 
AGO2 ago2 20 58.0 50 400 20 58.0 55 400 
Assay Target 
Probe 
Thermal 
cycling 
conditionsa 
      
Length 
(bp) 
Tm 
(°C) 
GC 
content 
(%) 
Final qPCR 
conc. (nM) 
      
All 
α-tubulin 20 70.0 45 50 
- 
      
ef1α 30 68.3 43 50       
Drosha drosha 14 69.0 64 150 Fast       
DCR-1 dcr-1 21 70.0 43 150 Fast       
DCR-2 dcr-2 15 69.0 60 100 Normal       
Pasha pasha 15 70.0 47 150 Fast       
LOQS loqs 14 69.0 64 150 Normal       
R2D2 r2d2 16 69.0 56 100 Fast       
AGO1 ago1 18 68.0 39 100 Fast       
AGO2 ago2 18 70.0 56 100 Normal       
a'Normal' and 'Fast' thermal cycling conditions are outlined below. 
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Table 3.6. Precision and limits of detection for optimized WCR qPCR assays 
Parameters were determined for each target in each WCR qPCR assay under optimized conditions (Table 3.2).  Standards 
were formulated to contain all three synthetic DNA targets per assay.  A concentration equivalent to curve standard 6 of 9 
was used for assay precision.  Intra-assay precision was determined using 48 technical replicates; best of three plates is 
reported.  Inter-assay precision was determined using 144 technical replicates across three plates and two days.  Lower 
limit of detection was determined using 168 technical replicates across two plates, typically within one day.  Abbreviations: 
pg/rxn - picograms per reaction; UL - upper limit; LL - lower limit; %CV - percent coefficient of variation 
Assay Target 
Precision Limits of Detection 
Standard Intra-assay 
Inter-
assay 
UL 
standard 
LL 
standard 
LLOD 
(pg/rxn) (%CV) (s) (%CV) (pg/rxn) (pg/rxn) Cq (%CV) (s) 
Drosha 
drosha 3.13E-03 0.44 0.108 18.38 3.13E+02 1.96E-06 34.769 2.22 0.773 
α-tubulin 3.13E-03 0.50 0.122 10.95 3.13E+02 7.83E-06 34.372 1.86 0.793 
ef1α 3.13E-03 0.62 0.158 16.20 3.13E+02 3.91E-06 34.665 2.47 0.856 
DCR-1 
dcr-1 1.25E-03 0.88 0.243 34.08 3.13E+02 1.26E-06 35.812 1.55 0.554 
α-tubulin 3.13E-03 0.95 0.254 43.11 3.13E+02 1.57E-05 35.278 2.81 0.993 
ef1α 3.13E-03 1.07 0.279 25.20 3.13E+02 1.57E-05 34.606 2.82 0.977 
DCR-2 
dcr-2 3.13E-03 1.09 0.313 28.31 3.13E+02 6.26E-05 33.845 2.74 0.928 
α-tubulin 3.13E-03 1.09 0.284 26.19 3.13E+02 1.57E-05 34.317 2.52 0.864 
ef1α 3.13E-03 1.12 0.300 25.23 3.13E+02 1.57E-05 34.471 2.57 0.886 
Pasha 
pasha 3.13E-03 0.44 0.105 13.27 3.13E+02 1.96E-06 33.456 2.56 0.858 
α-tubulin 3.13E-03 0.43 0.104 17.86 3.13E+02 7.83E-06 34.095 1.80 0.614 
ef1α 3.13E-03 0.67 0.168 13.61 3.13E+02 3.91E-06 34.361 2.06 0.709 
LOQS 
loqs 3.13E-03 0.64 0.148 25.12 3.13E+02 1.96E-06 33.027 2.56 0.846 
α-tubulin 3.13E-03 0.66 0.156 18.57 3.13E+02 1.96E-06 34.466 3.49 1.204 
ef1α 3.13E-03 0.82 0.199 18.26 3.13E+02 3.91E-06 33.919 2.43 0.824 
R2D2 
r2d2 3.13E-03 0.52 0.128 15.48 3.13E+02 1.96E-06 34.757 2.37 0.822 
α-tubulin 3.13E-03 0.54 0.133 11.12 3.13E+02 1.96E-06 35.689 2.57 0.917 
ef1α 3.13E-03 0.73 0.179 30.66 3.13E+02 1.96E-06 34.863 2.56 0.894 
AGO1 
ago1 3.13E-03 0.64 0.164 20.60 3.13E+02 1.96E-06 35.575 1.88 0.668 
α-tubulin 3.13E-03 0.61 0.149 19.74 3.13E+02 1.96E-06 35.468 2.34 0.829 
ef1α 3.13E-03 0.82 0.200 16.59 3.13E+02 1.96E-06 34.498 2.10 0.723 
AGO2 
ago2 3.13E-03 0.71 0.166 29.51 3.13E+02 9.78E-07 34.245 2.34 0.792 
α-tubulin 3.13E-03 0.63 0.150 16.77 3.13E+02 3.91E-06 33.531 2.09 0.697 
ef1α 3.13E-03 0.89 0.221 29.17 3.13E+02 3.91E-06 34.196 2.75 0.926 
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Table 3.8. Detection parameters for real-time PCR analysis of validated WCR sample types 
The range of complementary DNA (cDNA) dilutions exhibiting optimal dilution agreement for each taret was determined by 
producing a series of eight 2-fold cDNA dilutions from the optimal RNA concentration (Table 2.7) for each sample type and 
assessing under optimized qPCR assay conditions (Table 3.2).  Representative No Reverse-Transcriptase Controls (NRTCs) 
were analyzed undiluted; all samples show a >5 quantification cycle (Cq) difference between ± reverse transcriptase.  
Abbreviations: dln - dilution; UD - undetermined 
Assay Target 
Optimal 
cDNA diln 
for qPCR 
Dilution agreement in optimal range (%CV) 
WCR sample types 
Early 
egg 
Late 
egg 
Fist 
instar 
Second 
instar 
Third 
instar 
Pupa 
Adult 
male 
Adult 
femalea 
Pregnant 
female 
Drosha 
drosha 1:40 13.9 3.6 8.8 7.7 12.2 5.7 9.8 NA 9.7 
α-tubulin 1:40 14.5 15.8 NAb 10.1 12.5 12.2 14.9 NA 13.2 
ef1α 1:40 15.5 5.8 NA 12.9 15.1 15.3 4.0 NA 13.1 
DCR1 
dcr-1 1:10 8.3 9.5 NA 4.7 27.7 8.9 9.9 12.0 26.2 
α-tubulin 1:10 10.5 9.4 6.0 19.7 5.0 13.4 18.2 14.8 16.4 
ef1α 1:10 18.9 12.6 7.0 12.6 11.6 12.1 18.3 14.3 16.2 
DCR2 
dcr-2 1:10 14.4 9.6 18.4 4.0 13.5 13.5 7.7 9.6 24.2 
α-tubulin 1:10 5.4 13.9 5.1 12.0 3.1 18.8 12.0 18.5 9.4 
ef1α 1:10 11.5 7.7 8.1 8.7 11.0 14.4 11.6 13.5 7.6 
Pasha 
pasha 1:20 11.4 21.3 12.8 11.8 6.0 15.4 1.6 NA 14.4 
α-tubulin 1:20 13.9 18.2 0.5 11.4 14.3 12.7 5.9 NA 14.1 
ef1α 1:20 24.1 23.0 7.5 9.5 17.1 16.3 13.2 NA 22.0 
LOQS 
loqs 1:20 11.0 6.1 22.8 12.2 12.3 7.7 12.3 NA 10.9 
α-tubulin 1:20 5.9 6.0 19.5 7.9 9.3 8.7 6.2 NA 11.9 
ef1α 1:20 5.7 9.0 17.4 10.9 12.8 11.2 5.8 NA 6.4 
R2D2 
r2d2 1:20 9.9 15.4 7.7 5.8 14.9 2.3 23.0 NA 8.7 
α-tubulin 1:20 12.6 12.1 1.3 7.0 13.9 13.6 13.2 NA 14.0 
ef1α 1:20 4.3 12.6 8.5 9.9 9.7 9.3 9.9 NA 16.0 
AGO1 
ago1 1:20 10.5 13.7 9.6 12.6 9.1 13.4 12.8 NA 17.2 
α-tubulin 1:20 15.7 11.9 5.2 14.0 12.0 13.8 10.6 NA 14.9 
ef1α 1:20 9.9 11.1 0.6 8.9 8.9 14.9 8.0 NA 13.9 
AGO2 
ago2 1:20 13.5 9.0 23.7 6.7 14.4 14.1 16.3 NA 14.1 
α-tubulin 1:20 8.9 8.5 25.3 7.6 11.2 11.9 11.2 NA 10.6 
ef1α 1:20 12.5 8.2 11.7 12.6 9.6 11.0 9.3 NA 11.2 
Assay Target 
Optimal 
cDNA diln 
for qPCR 
Representative NRTC detection with undiluted cDNA (Cq) 
WCR sample types 
Early 
egg 
Late 
egg 
Fist 
instar 
Second 
instar 
Third 
instar 
Pupa 
Adult 
male 
Adult 
female 
Pregnant 
female 
Drosha 
drosha 1:40 UD UD UD UD 35.779 UD UD UD UD 
α-tubulin 1:40 36.839 UD UD UD UD UD UD UD UD 
ef1α 1:40 UD 38.148 UD UD 35.987 35.830 UD 37.546 UD 
DCR1 
dcr-1 1:10 37.041 31.600 UD UD UD UD 36.891 UD UD 
α-tubulin 1:10 UD 32.854 UD UD UD UD UD 37.662 37.626 
ef1α 1:10 29.231 24.423 30.849 33.395 35.523 29.998 30.869 31.033 32.367 
DCR2 
dcr-2 1:10 31.188 37.555 37.701 37.951 37.204 38.243 32.380 UD 37.789 
α-tubulin 1:10 UD UD UD UD UD UD 36.077 UD UD 
ef1α 1:10 33.700 UD UD UD UD UD UD UD UD 
Pasha 
pasha 1:20 UD UD UD UD UD UD UD UD UD 
α-tubulin 1:20 UD UD 38.459 UD UD UD UD UD UD 
ef1α 1:20 37.175 37.604 38.351 UD 38.485 UD 38.718 UD 32.886 
LOQS 
loqs 1:20 UD UD UD UD UD UD UD UD UD 
α-tubulin 1:20 UD UD UD UD UD UD UD UD UD 
ef1α 1:20 UD UD UD 38.995 UD UD UD UD 32.412 
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Table 3.8. Continued 
Assay Target 
Optimal 
cDNA 
diln for 
qPCR 
Representative NRTC detection with undiluted cDNA (Cq) 
WCR sample types 
Early 
egg 
Late 
egg 
Fist 
instar 
Second 
instar 
Third 
instar 
Pupa 
Adult 
male 
Adult 
female 
Pregnant 
female 
R2D2 
r2d2 1:20 UD UD UD UD UD UD UD UD UD 
α-tubulin 1:20 UD UD UD UD UD UD UD UD UD 
ef1α 1:20 UD UD UD UD UD 32.308 UD UD 36.943 
AGO1 
ago1 1:20 UD UD UD UD UD UD UD UD UD 
α-tubulin 1:20 UD UD UD UD UD UD UD UD UD 
ef1α 1:20 UD UD UD UD UD 32.922 UD UD 37.038 
AGO2 
ago2 1:20 UD UD UD UD UD UD UD UD UD 
α-tubulin 1:20 UD UD 36.400 UD UD UD UD UD UD 
ef1α 1:20 UD UD 37.433 UD 33.875 33.114 UD UD 31.215 
aExcept for the DCR1 and DCR2 assays, a dilution error was made in the cDNA series used for this assessment.  Results 
for this sample type for the Drosha, Pasha, LOQS, R2D2, AGO1, and AGO2 assays are either limited to two dilutions or are 
unavailable. 
bNot assessed due to sample issue. 
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Abstract 
Interest in the non-coding RNAs of agricultural pests and the pathways through which they are 
generated has increased with the advent of RNA interference (RNAi)-based insect control technology, 
but still lags far behind what is known in model organisms.  Presented here are sequencing experiments 
designed to examine the small RNA transcriptome across the life cycles of three economically 
important agricultural pests: western corn rootworm, fall armyworm, and southern green stink bug.  
Sequencing results indicate the presence of three putative classes of small RNAs characteristic of the 
products of RNAi pathways.  Screening of results against a microRNA database also revealed many 
conserved microRNAs.  However, differences in the prevalence of certain sizes of small RNAs and 
expression of microRNAs were observed across life stages and insects.  Such differences could reflect 
variation in the function of the RNAi pathways throughout the life cycle within an insect as well as 
across different insect species.  This study provides a foundation to further investigate both basic 
biology and RNAi in western corn rootworm, fall armyworm, and southern green stink bug. 
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Introduction 
The importance of non-coding RNAs (ncRNAs) has been apparent since the discovery of 
transfer and ribosomal RNAs (t- and rRNAs) in the 1960s [1].  It is now known that many categories 
of ncRNAs exist aside from these classical examples (reviewed in [2, 3]).  Moreover, ncRNAs are now 
recognized as being involved in nearly every aspect of normal development and fitness (reviewed in 
[4]).  Studies in various model organisms have shown that although numerous types of ncRNA are 
present in eukaryotic cells, their manner of production contributes to differences in their characteristics 
and length, especially those small RNAs (sRNAs) associated with the RNA interference (RNAi) 
pathways (reviewed in [2, 5-7]).  Combining knowledge of model organisms together with collection 
of basic features such as the abundance, size, and structure of various RNAs derived from the 
transcriptome of less well-studied organisms can provide information about the RNAi pathways of 
these organisms.   
RNAi, a process involving the control of various coding and ncRNAs via small 20-30 
nucleotide (nt) RNAs, encompasses three related pathways that vary depending on specific proteins 
involved and characteristics of the mediating sRNAs [4].  These include the microRNA (miRNA), 
small interfering RNA (siRNA), and Piwi-interacting RNA (piRNA) pathways, with the mi- and siRNA 
pathways being the best defined of the three.  RNAi is especially important in insects due to the reliance 
on this mechanism as the primary defense against viruses and other entomopathogens (reviewed in [8]).  
Knowledge of the mechanisms of interference, from biogenesis of mediating sRNAs to suppression of 
target RNAs, is most advanced in the model insect Drosophila melanogaster.  The D. melanogaster 
miRNA pathway begins with the cleavage of endogenously expressed single-stranded primary miRNAs 
into precursor miRNAs by the ribonuclease III (RNaseIII) family member Drosha and its double-
stranded RNA binding protein (dsRBP) partner Pasha [9, 10].  Precursor miRNAs are exported from 
the nucleus and further processed into short double-stranded RNA (dsRNA) duplexes by a second 
RNaseIII-dsRBP pair: Dicer-1 (DCR-1) and Loquacious (LOQS) [11-13].  The D. melanogaster siRNA 
pathway is activated by long regions of perfectly-paired exogenous or endogenous dsRNAs; these are 
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processed into short duplexes in the cytoplasm by the RNaseIII protein Dicer-2 (DCR-2) and the dsRBP 
R2D2 [14-16].  One strand of either a miRNA or siRNA duplex is preferentially loaded into Argonaute 
1 (AGO1) or Argonaute 2 (AGO2), respectively, forming active RNA induced silencing complexes 
(RISCs) [17-21].  Both types of RISC bind RNAs with some degree of complementarity to the guiding 
sRNA, resulting in repression or cleavage of target RNA [22, 23]. 
Processing of RNA substrates by the core RNAi machinery of D. melanogaster produces 
distinctive sizes of sRNAs, some of which are highly conserved at the nucleotide level across a wide 
variety of species.  Little about the RNAi pathways or their products has been reported for the 
economically significant agricultural pests Diabrotica virgifera virgifera (western corn rootworm – 
WCR), Spodoptera frugiperda (fall armyworm – FAW), and Nezara viridula (southern green stink bug 
– SGSB).  Putative candidates for the eight genes centrally involved in the mi- and siRNA pathways of 
these insects have been bioinformatically identified and described (Chapter 2).  As a next step, the 
current study explores results of sequencing the sRNA transcriptome of nine life stages each from 
WCR, FAW, and SGSB, with a focus on conserved miRNA identification.  Though sRNAs matching 
the size ranges of D. melanogaster mi-, si-, and piRNAs were detected in WCR, FAW, and SGSB, 
discrepancies across life stage and insect were noted.  Many highly conserved miRNAs were also 
identified, but their presence and expression fluctuated across insect and life stage.  Additional study is 
needed to determine how closely the mechanisms of sRNA generation in these insects mirror those of 
D. melanogaster, and whether the observations made here signify variation in the function of their 
RNAi pathways. 
 
Results and Discussion 
Size distribution of small RNA across insect 
Three sRNA sequencing (sRNA-seq) experiments containing nine life stages each of WCR, 
FAW, and SGSB were conducted.  Analogous life stages were chosen to bracket important changes in 
each insect’s life cycle.  The sRNA fraction used to prepare sequencing libraries was isolated from live 
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whole insects of each stage.  Each experiment was targeted to have at least three sample replicates per 
stage generating at least one million raw reads.  High-quality reads for each sample were produced by 
removing low-quality reads such as those with adapter deletions, empty reads, and reads including less 
than 24 base pairs (bp) in length.  Supplementary details regarding these sequencing experiments may 
be found in Appendix B.  Adapter sequences were subsequently trimmed and remaining sequences 
(from 17-50 nts) were analyzed.  Length distributions for each life stage by insect are shown in Figures 
4.1-4.3. 
 
Figure 4.1.  Size distribution of WCR smRNA.  Sequencing data were generated for multiple replicates (n=3-5) 
of each of nine WCR life stages.  TruSeq adapters were removed from individual reads and 
sequences were filtered to remove reads of inadequate quality.  Remaining reads are displayed for 
each stage as the median (with median absolute deviation – MAD) proportion of total reads of each 
length from 17-50 nucleotides, in percentages.  The probable mi- and siRNA peak is shown in black, 
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and the piRNA peak in grey.  Increased sample degradation appears in the early and late egg 
samples, as visualized by an equalizing of the relative proportion of reads across all sizes. 
 
Length distribution profile is extremely consistent across replicates of the same sample type, 
but varies across life stages within and across insects.  Inconsistency in relative abundance may be due 
to different degradation patterns between life stages within an insect or between insects.  Small peaks 
of consistent size occur at 50 and 42-44 nts throughout the WCR and SGSB samples, respectively 
(Figures 4.1 and 4.3).  The abundance of these species appears to increase when overall general sample 
degradation appears higher—that is, when peak heights of expected species lowers and relative 
abundance of RNAs of all other lengths universally increases.  Also, there is a very high abundance of 
24 nt species specifically in FAW pupal samples (~41% of trimmed reads), much higher than the size 
ranges normally predominating the profiles of other life stages within this insect (Figure 4.2).  
Employment of additional analytical tools may allow classification of the unknown peaks, though 
annotation of RNAs would be difficult due to lack of reference genomes for these insects. 
Increased abundance of sequences containing 21-24 nts, peaking at 22 nt, is clearly observed 
in WCR, FAW, and SGSB samples (Figures 4.1-4.3).  This size range is characteristic of the products 
of DCR processing in D. melanogaster, and likely primarily consist of miRNAs and, to a lesser extent, 
siRNAs.  The DCR-1 and -2 enzymes identified in WCR, FAW, and SGSB each contain a helicase C, 
a PAZ, and two RNaseIII domains (Chapter 2).  Structural information indicates that blunt-ended 
substrates or those bearing a 2-nt overhang on the 3’ terminus and a phosphate on the 5’ terminus are 
recognized by the helicase or PAZ domains, respectively [24-27].  Blunt-ended substrates specifically 
were recently found to be threaded through DCR-2 to the PAZ domain by clamping of the helicase 
domain [27].  The distance between the PAZ and active sites of the RNaseIII domains determines the 
length of products produced upon cleavage.  Variation in length of observed products may stem from 
intrinsic substrate preferences of the enzyme or may be impacted by interaction with dsRBPs [24, 27, 
28].  The length of sRNAs produced by the DCR enzymes of WCR, FAW, and SGSB—as well as the 
domains predicted from their primary amino acid sequences (Chapter 2)—suggests that these enzymes  
115 
 
Figure 4.2.  Size distribution of FAW smRNA.  Data were generated and are displayed as in Figure 4.1 for 
multiple replicates (n=3-5) of each of nine FAW life stages.  Probable mi- and siRNA peak is shown 
in black, and piRNA peak in grey.  Increased sample degradation appears in both the third and sixth 
instar samples. 
 
have a similar size and spatial architectural arrangement to each other and to those of D. melanogaster. 
A second group of sRNAs showing increased abundance in WCR and FAW are those of 26-28 
nts, peaking at 27 nts (Figures 4.1 and 4.2).  This group is consistent with the size of piRNAs in D. 
melanogaster, which were originally thought to function specifically in suppression of transposable 
element (TE) activity in germline cells, but have more recently been demonstrated in insects to act in 
somatic tissues for protection against TEs and viruses, as well as regulation of gene expression [29-36].  
The larval stages of WCR and FAW early eggs show high levels of putative piRNAs, as do both mated 
and  unmated  adult  WCR  and  FAW  females.   However,  this  peak  is  absent  in  FAW  males—an  
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Figure 4.3.  Size distribution of SGSB smRNA. Data were generated and are displayed as in Figure 4.1 for 
multiple replicates (n=3-5) of each of nine SGSB life stages.  Probable mi- and siRNA peak is shown 
in black; a piRNA peak could not be definitively assigned.  Increased sample degradation appears 
in third instar through pregnant female samples. 
 
observation similar to that recently made in the hymenopteran Bombus terrestris as part of a study 
spanning 20 different arthropod species, which was the first reported case of sex-dependent germline 
expression of piRNAs [29].  Intriguingly, no putative piRNA peak can be confidently identified from 
any SGSB life stage examined within this study—even in those showing little evidence of degradation 
and in which piRNAs would be hypothesized to be obvious, such as the early egg samples (Figure 4.3).  
A small peak (~7% abundance) of 29 nt in SGSB pregnant female samples may represent piRNAs, but 
the adult SGSB samples showed higher levels of degradation, making read length distribution 
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unreliable.  It may be that piRNAs are present in FAW males and SGSB samples at low levels not 
obvious from these data, and could be found through either mapping these sRNAs to a reference 
genome or from detection of ping-pong amplification signatures [30-32]. 
Identification and conservation of miRNAs 
To identify conserved miRNAs from trimmed sequencing reads for each life stage and insect, 
a reference database was constructed comprising the non-redundant miRNAs of 71 arthropods and two 
mammals from public repositories and literature articles (Figure 4.4A) [33-61].  Alignment of 
sequencing reads to this database identified 828 unique conserved putative miRNAs ranging from 17-
29 nt distributed across WCR, FAW, and SGSB (Figure 4.4B).  The majority (31%) of these are 22 nt, 
followed by 21 nt (18%), 23 nt (15%), and 20 nt (12%).  An additional 268 miRNAs were detected but 
were not considered to be reliably expressed.  There are 166 miRNAs shared across at least one life 
stage of all three insects, and FAW expresses the highest number of unique miRNAs (372).  In 
comparison, fewer miRNAs are uniquely expressed in either WCR or SGSB.  This bias is likely due to 
the large proportion of lepidopteran miRNAs, including many from the genus Spodoptera, represented 
in the reference database compared to coleopteran and hemipteran miRNAs.  These numbers, therefore, 
cannot definitively indicate the presence or distribution of conserved miRNAs between WCR, FAW, 
and SGSB. 
A recent examination of the evolutionary relationship between conserved miRNA families in 
insects—which also discusses the bias in reported miRNAs across different insect phyla—detected 64 
families using seven insect species [62].  In good agreement with this study, 56 of the 64 families are 
represented in at least one of WCR, FAW, or SGSB, and most in all three (Table 4.1).  The additional 
miRNAs expressed commonly across WCR, FAW, and SGSB not falling into one of these families 
represent 25 other families, including 11 reported as novel in the primary sources from which the 
sequences were harvested [40, 45, 51, 56, 59].  The missing or extra families found in the current study 
may  stem from the  rigor  with which  data were filtered  for the  previous cross-insect  study, lack  of 
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Figure 4.4.  Identification of miRNAs in WCR, FAW, and SGSB. A) Taxonomic orders and number of species 
within each contributing miRNAs to the reference database.  The miscellaneous category contains 
two non-insect arthropods and two mammals.  B) Distribution of identified miRNAs across insect.  
Sequencing files were aligned to a miRNA reference with a proprietary script the output of which 
was normalized counts in reads per million (RPM).  A miRNA was considered to be expressed 
within a life stage if it showed a count greater than zero in the majority of sample replicates per 
stage (e.g. two out of three or three out of five).  Total miRNAs identified for each of WCR, FAW, 
and SGSB—including those detected in multiple species—were 294, 709, and 345, respectively.  
Presumably, the most highly conserved miRNAs are represented by the 166 identified as common 
across all three insects. 
 
proper sensitivity (i.e. read depth) in the current experiments, artifacts in the current datasets that were 
not removed by the bioinformatics tools used, incorrectly named miRNAs in the reference database, or 
variation in miRNA sequence that caused an alignment failure.  A true gain or loss of the family in a 
specific lineage or species is also possible. 
Two examples of possible over-filtering in the previous study is the absence of miR-100 and 
miR-970 in the presented list of conserved insect families, which are detected in WCR, FAW, and 
SGSB (Table 4.1).  The miR-100 family is speculated to be the oldest animal miRNA and is deeply 
conserved at the nucleotide level [63, 64].  The miR-970 family was not detected in Acyrthosiphon 
pisum, but did appear in this study in SGSB, indicating that the origin of this family predates the 
previously suggested last common ancestor of coleopterans and mecopterans [62, 65].  There is no way 
to be certain of true gains or losses from the analytical approach taken with the current pest sRNA-seq 
experiments.  The miR-306 family was absent from Tribolium castaneum, and is also not detected here 
in WCR which could support a true loss of this family in Coleoptera.  A second instance is the absence 
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of miR-3770 in the coleopteran, lepidopteran, and hemipteran species examined previously and in the 
current study.  Furthermore, during construction of the miRNA reference database used in the current 
study it was noted that 10 miRNAs previously reported as novel could be assigned to a miRNA family 
(Table 4.2).  The previous miRNA conservation study also observed a similar ability to identify 
miRNAs classified as novel when taking a cross-insect approach to miRNA identification and 
classification within a single species [62].  These results support both the need for increased 
classification of insect miRNAs, and caution against drawing strong conclusions about the presence or 
absence of miRNAs in a particular insect without examination of all available insect data. 
Expression of miRNAs across insect by life stage 
Following identification, miRNAs were catalogued according to the WCR, FAW, and SGSB 
life stage(s) in which they were expressed (Figure 4.5).  Most combinations of stages in each insect 
show at least one miRNA specific to it, except for WCR unmated females, unmated females with either 
males or pregnant females, and miRNAs expressed only in WCR egg, larvae, and pupae but not adults.  
Again, this does not necessarily mean that there are no miRNAs specific to these four categories in 
WCR, but could rather be an artifact of the alignment database used.  Evidence from several animal 
studies has suggested that large numbers of species- and tissue-specific miRNAs go unannotated, 
introducing the possibility that novel miRNAs showing differential expression in these cases may exist 
[62, 66-70]. 
The number of unique miRNAs expressed in eggs, juveniles (larvae or nymphs), and adults of 
each species was examined to determine whether similarities occur in extent of miRNA diversity 
throughout development of WCR, FAW, and SGSB (Figure 4.6).  In the case of eggs, WCR and SGSB 
show similar numbers of individual miRNAs in both early and late eggs, with the latter showing slightly 
greater diversity (Figure 4.6A).  The number of unique miRNAs is also higher in FAW late versus early 
eggs; however, the degree of difference between these stages is much greater, and only ~1% express 
uniquely in early eggs (Figure 4.5B).  The greater diversity of miRNAs in late eggs compared to early 
eggs is surprising given the known importance of miRNAs early in insect embryogenesis [70-72].  As 
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Figure 4.5.  Unique putative miRNAs detected in WCR, FAW, and SGSB life stages.  MicroRNAs were 
identified from each of nine life stages per insect using a database of mature miRNAs primarily 
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from arthropods.  Numbers for each stage and stage combination are expressed as percent of total 
unique miRNAs identified for that stage and reflect total miRNAs identified in each insect as 
described in Figure 4.4.  The large Venn diagrams represent the major stages of egg, juvenile, and 
adult for all three insects and pupa for WCR and FAW.  Each major stage is further separated into 
individual sampled stages to show the percentage of identified unique miRNAs in each category for 
WCR (A), FAW (B), and SGSB (C).  Not pictured are the percent of miRNAs identified uniquely 
in both WCR larva and adult (6%), in both FAW egg and pupa (1%), in both FAW larva and adult 
(3%), in both SGSB first and third instar nymph (1%), and in both SGSB second and fifth instar 
nymph (1%). 
 
mentioned, there is a large peak that might represent piRNAs in FAW early eggs compared to a 
relatively small mi- and siRNA peak.  Recent reports suggest that piRNAs may play a critical role in 
the degradation of maternally-supplied mRNAs early in D. melanogaster embryo development ([73, 
74], reviewed in [75]).  It is possible that a similar functionality for piRNAs may be present in FAW 
which reduces the roles for miRNAs at this stage. 
The youngest juvenile stage of all three insects expresses the greatest diversity of miRNAs 
compared with the other sampled juvenile stages, followed by the middle and finally oldest juvenile 
stages (Figure 4.6B).  A higher number of miRNAs observed in young juveniles may reflect necessary 
changes that occur when these insects transition from egg to actively feeding larvae or nymphs.  The 
middle and oldest juvenile stages of these insects show very similar miRNA numbers, and most 
miRNAs (>48%) are expressed at all three juvenile stages in WCR, FAW, and SGSB (Figures 4.5 and 
4.6B).  These results are consistent with those previously reported for several other insects, where a 
relatively stable number and expression level of miRNAs across juvenile stages was shown [70].  
Adults of all three insects show very similar diversity of miRNAs, and most (>53%) express across 
males, females, and pregnant females (Figures 4.5 and 4.6C).  In WCR, there is a reduced number of 
miRNAs detected in females compared with males or pregnant females. 
When comparing eggs, juveniles and pupae, and adults, most miRNAs in these three insects 
are expressed throughout the entire life cycle (>38%) (Figure 4.5).  The number of diverse miRNAs in 
WCR and FAW follows a consistent pattern of highest in adults, followed by combined juvenile and 
pupa, and finally eggs (Figure 4.6D).  A high diversity of miRNAs is found in FAW pupae despite the 
shift in  length distribution from a majority of  22 nt species to a majority of 24 nt species (Figure 4.2). 
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Figure 4.6.  Comparison of putative miRNAs uniquely expressed at different life stages of WCR, FAW, and 
SGSB.  Each bar represents the number of miRNAs expressed in a particular sampled stage or 
combination of stages.  A) MicroRNAs expressed in the egg stages of WCR, FAW, and SGSB.  B) 
MicroRNAs expressed in the juvenile stages (larvae and nymphs) of WCR, FAW, and SGSB.  
Youngest juvenile stage is first instar for WCR and FAW, and a combination of first and second 
instar for SGSB.  Middle juvenile stage is second instar for WCR and third instar for FAW and 
SGSB.  Oldest juvenile stage is third instar for WCR, sixth for FAW, and fifth for SGSB.  C) 
MicroRNAs expressed in adult stages of WCR, FAW, and SGSB.  D) MicroRNAs expressed 
throughout the life cycles of WCR, FAW, and SGSB, split into eggs, combined juveniles and pupae, 
and adults. 
 
Notably, the number of miRNAs identified of 24 nt length was only ~10% of total FAW pupal miRNAs, 
indicating that this peak may primarily represent a sRNA species other than miRNAs.  Indeed, 
expression levels of both core miRNA and siRNA machinery transcripts are at their lowest point of all 
sampled FAW life stages in pupae (Chapter 2).  The pattern of abundance of SGSB miRNAs is different 
than WCR and FAW; the highest diversity of miRNAs is seen in eggs and lowest in adults.  This may 
be due to the difference between hemimetabolan (Exopterygota) and holometabolan (Endopterygota) 
insects, where the basic adult body structure of hemimetabolans develops during embryogenesis as 
opposed to during metamorphosis, and so miRNAs needed to control this process are expressed early 
in the life cycle rather than late [70, 76-78]. 
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Validation of highly conserved insect miRNA expression patterns 
To validate sRNA-seq expression levels across insect life stages, eleven miRNAs representing 
different levels of conservation were evaluated by two alternative methods.  Two miRNAs—let-7 and 
bantam—were analyzed by Northern blot across the nine life stages of all three insects (Figure 4.7).  
Profiles generated through sequencing and blotting agree well with one another.  According to both 
methods, highest let-7 expression occurs in WCR pupae and adult males, FAW sixth instar and adult 
males, and SGSB third instar through adult females.  Highest bantam expression occurs in WCR second 
instar and adults and FAW late egg and adults.  Bantam is most highly expressed in SGSB third instar 
according to sRNA-seq, but in pregnant females according to Northern blot.  The disagreement of 
bantam expression profiles generated from these methods could be due to several factors, such as the 
low replicate number and high variability observed with blotting, a target-dependent storage effect due 
to the difference in age of sRNA used for blotting versus sRNA-seq, or non-optimal hybridization 
conditions for the bantam probe used with SGSB samples.  Both let-7 and bantam are known to have 
basic biological functions in insects [79].  Let-7 is involved in neuronal development and stage 
transitions via its induction by the action of ecdysone, a hormone produced in pulses throughout larval 
development responsible for initiation of molting [80-85].  It is unknown whether let-7 expression 
increases in response to ecdysone pulses in these three insects as it does in D. melanogaster; however, 
the dramatic increase of let-7 expression in pupae may at least support this idea in WCR, since ecdysone 
titers typically show a large peak during metamorphosis in holometabolous insects (reviewed in [84, 
85]).  Bantam is involved in control of cell proliferation and apoptosis and is known to be one of the 
most highly expressed miRNAs in D. melanogaster [86-88].  This finding was recapitulated in WCR, 
FAW, and SGSB, though interestingly, the bantam family member expressing most highly in WCR 
(>21,000 RPM) deviated at the nucleotide level from the one expressing most highly in FAW and 
SGSB. 
Five of the most highly conserved miRNAs were analyzed across nine WCR life stages by 
reverse transcription quantitative polymerase chain reaction (RT-qPCR).  The WCR sRNA-seq profiles 
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Figure 4.7.   Expression of let-7 and bantam across insect life stage assessed using sRNA-seq (black diamonds) 
and Northern blot (grey triangles).  Normalized count for WCR, FAW, and SGSB miRNAs was 
generated by adjusting for read depth on a per million scale, and summing the counts of all let-7 or 
bantam family members detected by the Northern probes within each sample replicate (n=3-5).  The 
median value (±MAD) across sequencing samples is scaled on the left axis of each graph.  Blot 
values were generated by first electrophoresing small RNA from each insect life stage on a 15% 
polyacrylamide gel, transferring to a nylon membrane, and probing for the small nuclear RNA U6, 
and let-7 or bantam miRNAs.  Normalized values were generated by taking the ratio of the intensity 
of the miRNA band to intensity of U6 band across all samples (n=1 for each sample type, n=2 for 
SGSB bantam), and are scaled on the right axis of each graph.  A normalized value for bantam in 
third instar FAW was unable to be generated due to a blotting artifact. 
 
for these five miRNAs agree favorably with those generated by RT-qPCR (Figure 4.8).  The profiles 
of let-7, miR-184, and miR-9 show highest overall agreement between the two methods, while the miR-
100 profiles disagree in the pupal and adult male stages, and the miR-10 profiles disagree in first instar 
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through pupal stages.  In the case of insect miR-100, it is known to cluster in the same primary miRNA 
transcript as let-7 and miR-125, its expression is enhanced by ecdysone, and it has been shown as 
important to normal metamorphosis [82, 89-91].  Because the profiles of miR-100 match those 
measured for let-7 by Northern blot and RT-qPCR, it is likely that the sRNA-seq results are not as 
accurate in this case.   As for miR-10, disagreement between sRNA-seq and RT-qPCR could be due to  
 
 
 
target-specific primers, and running individual qPCR reactions using additional target-specific primers.  
Normalized fold changes were generated using the 2-ΔΔCt method with the artificial RNA as a reference and early 
egg expression set to 1 (n=1 for each sample type).  Relative fold change across WCR life stage is scaled on the 
right axis of each graph. 
 
Figure 4.8.  Expression of five miRNAs conserved in 
bilatera assessed across WCR life stages 
using sRNA-seq (black diamonds) and 
RT-qPCR (blue triangles).  Normalized 
count for WCR miRNAs was generated 
as described in Figure 4.7, and is scaled 
on the left axis of each graph.  
Quantitative PCR values were generated 
by spiking an artificial RNA into the 
small RNA isolated from each life stage, 
simultaneously reverse-transcribing the 
artificial RNA and each miRNA using 
tar et-specific primer , and running
indiv dual qPCR reactions using
additi nal targ t-spec fic primers.  
Normalized fold changes were generated 
by using the 2-ΔΔCt method with the 
artificial RNA as the reference and the 
early egg expression level set to 1 (n=1 
for each sample type).  Relative fold 
change across WCR life stage is scaled 
on the right axis of each graph. 
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low replicate number, sample age, or target-related issues as listed above for Northern blot, or due to 
low count values (<10 RPM); the bias introduced into measurement of low-expressing genes from 
RNA-seq methodologies is well-documented [92, 93]. 
It is hypothesized that certain miRNAs in WCR, FAW, and SGSB would be affected by distinct 
core components of the mi- or siRNA pathway machinery based on previous D. melanogaster studies 
[94-97].  The last group of five conserved miRNAs chosen for validating the sRNA-seq data have been 
reported in D. melanogaster to be preferentially loaded into AGO1 (miR-8 and miR-276) or AGO2 
(miR-1 and miR-277) (Figure 4.9) [97].  Expression of miR-3761 was found to be the most consistent 
across all three insects’ life cycles by sRNA-seq, as assessed by the coefficient of variation of the 
median expressed value across stage, and is assumed to be AGO1-loaded as are the majority of miRNAs 
[94-97].  Reported roles for the AGO1-sorted miRNAs in insects include regulation of body fat and 
size (miR-8), egg hatch synchrony (miR-276), and repolarization of voltage-gated potassium channels 
in cardiac cells (miR-3761) [59, 98-100].  Roles for the AGO2-sorted miRNAs in insects include 
growth of musculature throughout juvenile development (miR-1) and general metabolism (miR-277) 
[101, 102].  Agreement of expression levels calculated across four WCR life stages between sRNA-seq 
and RT-qPCR was again high, with miR-8 and mir-1 showing identical profiles, miR-267 and -277 
showing matching profiles except in adult females where levels are elevated according to RT-qPCR, 
and miR-3761 showing the most disagreement.  Again, these issues could be due to inaccuracies of 
either method, as described above.  Taken together, however, results of both Northern blotting and RT-
qPCR for these eleven conserved miRNAs show that the sRNA-seq data give reliable relative 
expression measurements for most miRNAs in most stages.  When looking at stage effects on the 
expression levels of low numbers of specific miRNAs—particularly those showing low count values—
it would be prudent to confirm the pattern by a secondary method. 
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Conclusion 
Knowledge of the sRNA transcriptomes from agricultural pests such as WCR, FAW, and 
SGSB can provide tools for further studying the RNAi pathways of important non-model insects.  It is 
also a first step in understanding basic biological questions relating to gene regulation and evolution.  
Reported here is an overview of conserved miRNAs in WCR, FAW, and SGSB detected through 
sRNA-seq.  The size ranges of probable miRNAs and siRNAs isolated and sequenced for these three 
insects match those previously observed for the well-characterized model insect D. melanogaster.  This 
may indicate that the key DCR and dsRBP enzymes of the mi- and siRNA pathways of WCR, FAW, 
Figure 4.9. Expression of five differentially AGO-
loaded miRNAs assessed across WCR 
life stages using sRNA-seq (black 
diamonds) and RT-qPCR (green 
triangles). Normalized count for WCR 
miRNAs was generated as described in 
Figure 4.8, and is scaled on the left axis 
of each graph.  Relative fold change for 
WCR miRNAs was generated as 
described in Figure 4.8, and is scaled on 
the right axis of each graph. 
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and SGSB have a similar size and interaction as those of D. melanogaster.  Several instances of peak 
absence and altered peak distribution in the abundance of 17-50 nt-sized RNAs were observed across 
life stage and insect; additional study is required to determine the source of these differences. 
Many miRNA families shown to be conserved in a recent study across insects representing 
various phylogenetic orders were also detected in this study [62], though outside the seed sequence 
they may have differed slightly at the nucleotide level.  Expression of select miRNAs across nine life 
stages each of WCR, FAW, and SGSB detected using Northern blotting or RT-qPCR generally supports 
the sRNA-seq results.  Confirmation of identified sequences as genuine miRNAs in these insects 
requires further validation as previously outlined [103], ideally with the assistance of currently 
unavailable reference genomes.  Such continued work would also provide pri- and pre-miRNA 
sequences from additional insects to be used in phylogeny assessments, an area important to 
understanding the relationship between miRNA evolution in the context of general insect evolution [62, 
65, 104].  Identified miRNAs can be employed for further study of the RNAi pathways in these pests 
as well—for example, to determine the presence and abundance of DCR-1-, AGO1-, or AGO2-
dependent versus independent miRNA biogenesis. 
 
Methods 
Preparation of small RNA samples 
Sample collection, handling, and preparation were as previously described (Chapters 2 and 3), 
and resulted in aliquots of either fresh or flash-frozen stored homogenates from which WCR, FAW, 
and SGSB sRNAs of nine different life stages each were isolated.  RNA isolation was conducted with 
the Ambion miRVana miRNA isolation kit (Thermo Fisher Scientific, Inc., Waltham, MA) according 
to the manufacturer’s protocol for separation of large (>200 nt) and small (<200 nt) RNA fractions.  
RNAs were eluted in 100 µL nuclease-free water with an extended final spin of five minutes.  Samples 
were flash-frozen in liquid nitrogen and stored at -80°C after isolation.  Treatment with DNase occurred 
on a separate day using the Ambion TURBO DNA-free Kit (Thermo Fisher Scientific, Inc.) and 
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associated protocol.  Following DNase treatment, non-sRNA-seq samples underwent a bead-based 
DNase removal step, whereas WCR sRNA sequencing samples underwent a second round of 
purification to reduce unknown contaminants.  These samples were extracted in an equal volume of 
Ambion acid-phenol:chloroform (Thermo Fisher Scientific, Inc.), precipitated with a final 
concentration of 2.5 M ammonium acetate and four volumes of 100% ethanol (Fisher BioReagents, 
Thermo Fisher Scientific, Inc.), washed thrice with cold 80% ethanol, and re-suspended in 30 µL 
nuclease-free water after air-drying each RNA pellet to remove residual ethanol. 
Evaluation of RNA quality 
Purified sRNA samples used for sRNA-Seq were evaluated for concentration and quality by 
electrophoresing 1 µL in a Fragment Analyzer (Advanced Analytical Technologies, Inc. Ankeny, IA) 
using the Standard Sensitivity RNA Analysis Kit (Advanced Analytical Technologies, Inc.).  Smear 
analysis ranges used to produce concentration values were set to 20-250 nt.  Electropherograms, 
concentration values, and RQN calculations were generated using PROSize 2.0 software (v. 1.3.1.1).  
Purified sRNA samples used for Northern blot or RT-qPCR were assessed by denaturing PAGE and 
spectrophotometry using the NanoDrop 8000 UV-Vis Spectrophotometer (Thermo Fisher Scientific, 
Inc.) with software (v. 2.3.2). 
Next-generation sequencing 
Sequencing libraries were prepared using 1 µg input with the TruSeq small RNA kit according 
to manufacturer’s instructions (Illumina, Inc., San Diego, CA).  In summary, Illumina TruSeq adapters 
were ligated onto purified sRNA ends, reverse transcribed, and the cDNA PCR-amplified using indexed 
TruSeq primers (Illumina, Inc.).  Equal volumes of PCR-amplified libraries were pooled and size-
selected using a PippinHT automated DNA size selector (Sage Science Inc., Beverly, MA).  The size-
selected samples were then ethanol precipitated to concentrate and checked for quality and quantity 
using an Agilent Bioanalyzer DNA 7500 chip (Agilent Technologies, Inc. Santa Clara, CA) with 2100 
Expert software (v. B.02.08.SI648).  Sample pools were clustered and sequenced on the Illumina HiSeq 
2500 system with Illumina Sequencing By Synthesis Rapid v3 chemistry, as per manufacturer’s 
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instructions.  Samples were sequenced single-end, fifty cycles per read, to a target depth of at least one 
million reads per sample.  Sequencing metrics are described in Appendix B. 
Identification of insect miRNAs 
Raw sequencing reads were trimmed to remove bases with quality scores less than 13 and 
sequence tags less than 24 base pairs (bp), after which samples were deconvoluted based on sequenced 
index identifier.  To identify miRNAs, filtered reads were processed via a proprietary Shell script which 
performs adapter trimming using Skewer (v. 0.1.120), alignment of 17-31 nt sequences to a reference 
database using Bowtie (v. 1.1.1), counts of aligned reads adjusted to parts per million reads, and 
compilation of alignment statistics.  The reference database was constructed of mature miRNA 
sequences harvested from public repositories and literature articles, and covers 25 species from seven 
phylogenetic insect orders, two non-insect arthropods, and two mammals [33-61]. 
Denaturing PAGE and Northern blot 
For evaluation by gel-based methods, 1.5 µg small RNAs per sample were loaded onto Novex 
NuPAGE 15% Urea-TBE gels along with 5 µL O’GeneRuler Ultra Low Range DNA Ladder (Thermo 
Fisher Scientific, Inc.) (gels), or DynaMarker Prestain Marker for Small RNA Plus (BioDynamics 
Laboratory, Inc., Tokyo, Japan) (blots).  Gels were electrophoresed at 180 volts for 9 minutes followed 
by 120 volts for 125 minutes with stirring.  PAGE gels were then post-stained with 1·10,000-1× 
ethidium bromide (VWR International, LLC, Radnor, PA) for 2 minutes, and destained in distilled 
water for 5 minutes prior to imaging.  Blots proceeded with sample transfer onto Novex iBlot DNA 
Transfer Stacks (Thermo Fisher Scientific, Inc.) with the iBlot Dry Blotting System using a transfer 
setting of P8 for 7 minutes.  Membranes were pre-hybridized with ULTRAhyb Ultrasensitive 
hybridization buffer (Thermo Fisher Scientific, Inc.) at 65°C for 1 hour, followed by one of two 
different hybridization strategies: 1) For FAW and SGSB blots, overnight hybridization at 30°C with 
100 ng·mL-1 DIG-labeled probes, and 2) For WCR blots, overnight hybridization at 65°C with 100 
ng·mL-1 DIG-labeled U6 probe followed by cooling to 30°C for 4 hours and a second overnight 
hybridization at 30°C with 100 ng·mL-1 DIG-labeled target-specific probe.  Sequences used to generate 
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probes are described in Table 4.3.  Following several washing steps, membranes were blocked, 
incubated with anti-DIG primary antibody at a 1:10,000 dilution, and exposed to substrate according to 
manufacturer’s instructions (Roche DIG Wash and Block Buffer Set and CDP-star Ready-to-Use kit, 
Sigma-Aldrich Corp., St. Louis, MO).  Gels were imaged using an AlphaImager HP (Bio-Techne Corp, 
Minneapolis, MN) with AlphaView software (v. 3.4.0).  Chemiluminescent images were captured using 
the FugiFilm Imager LAS-4000 and ImageQuant LAS-4000 software (v. 1.1, General Electric Corp., 
Boston, MA).  Densitometry was performed using Carestream Molecular Imaging software (v. 5.07.23, 
Bruker Corp., Billerica, MA). 
Real-time RT-PCR and expression analysis 
Expression levels of miRNAs were evaluated using IDEAL miRNA Kits with Spike-in RNA 
(MiRXES, Pte Ltd., Singapore).  Sequences used for primer design are listed in Table 4.3.  Small RNAs 
were DNase-treated and species-specific primers were used in multiplex reverse transcription to 
amplify 3.1 ng small RNA and 1 µL spike-in RNA normalizer per 15 µL reaction in a C1000 Touch 
instrument (Bio-Rad Laboratories, Inc., Hercules, CA), according to manufacturer’s protocol.  
Resulting cDNA was stored at -80°C, and was diluted 1:20 prior to analysis.  The IDEAL miRNA 
qPCR Master Mix (MiRXES, Pte. Ltd.) was used with species-specific primers in singleplex qPCR 
assays to amplify 3.3 µL cDNA in 10 µL total reaction volumes on Axygen 384-well PCR microplates 
(Corning, Inc., Corning, NY) covered with MicroAmp Optical Adhesive Film (ThermoFisher 
Scientific, Inc.).  In addition to samples, each plate contained no template controls—both were analyzed 
in duplicate.  Data were screened for technical replicate outliers targeting Cq values giving standard 
deviations ≤0.250, and no detectable signal for the no template controls.  Expression of miRNAs was 
determined relative to the artificial RNA spike using the 2-ΔΔCt method, as previously described [105]. 
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Table 4.1. MicroRNA families conserved in insects 
Presence or absence of the first 64 families listed below was previously determined by Ylla et al. for 
seven additional insects, including Blattella germanica, Locusta migratoria, Acyrthosiphon pisum, 
Apis mellifera, Tribolium castaneum, Bombyx mori, and Drosophila melanogaster [69].  A novel 
miRNA family, miR-bg5, was cited as common across Pterygota in this previous study.  However, it 
was undetected outside of Exopterygota and so could be specific to that lineage or certain members 
of that lineage.  It was excluded from this list, leaving 64 conserved miRNA families against which 
the results of WCR, FAW, and SGSB sRNA-seq experiments were compared.  Detection of miRNA 
families in WCR, FAW, or SGSB is indicated under the "Presence" column.  The 25 families listed in 
the final section (beginning with miR-100) were detected in each of WCR, FAW, and SGSB.  "Origin" 
refers to the earliest phylogenetic appearance after which the majority of descendants contain the 
miRNA family.  For the last section pertaining to the current study, origin was inferred from the earliest 
common ancestor identified in the miRNA database against which WCR, FAW, and SGSB 
sequences were aligned.  Families below the line in the last section indicate previously reported 
"novel" miRNAs. 
Origin 
miRNA 
family 
Presence Origin miRNA family Presence 
Eumetazoa miR-10 WCR, FAW, SGSB Bilatera miR-76 WCR, FAW, SGSB 
Bilatera let-7 WCR, FAW, SGSB Bilatera miR-8 WCR, FAW, SGSB 
Bilatera miR-1 WCR, FAW, SGSB Bilatera miR-9 WCR, FAW, SGSB 
Bilatera miR-124 WCR, FAW, SGSB Bilatera miR-92 WCR, FAW, SGSB 
Bilatera miR-133 WCR, FAW, SGSB Bilatera miR-96 WCR, FAW, SGSB 
Bilatera miR-137 WCR, FAW, SGSB Protostomia bantam WCR, FAW, SGSB 
Bilatera miR-184 WCR, FAW, SGSB Protostomia miR-1175 WCR, FAW 
Bilatera miR-190 WCR, FAW, SGSB Protostomia miR-12 WCR, FAW, SGSB 
Bilatera miR-193 FAW Protostomia miR-277 WCR, FAW, SGSB 
Bilatera miR-2001   Protostomia miR-2 WCR, FAW, SGSB 
Bilatera miR-210 WCR, FAW, SGSB Protostomia miR-279 WCR, FAW, SGSB 
Bilatera miR-216 WCR, FAW, SGSB Protostomia miR-317 WCR, FAW, SGSB 
Bilatera miR-219 SGSB Protostomia miR-36   
Bilatera miR-22   Protostomia miR-67 WCR, FAW, SGSB 
Bilatera miR-252 WCR, FAW, SGSB Protostomia miR-750 WCR, FAW, SGSB 
Bilatera miR-278 FAW Protostomia miR-87 WCR, SGSB 
Bilatera miR-281 WCR, FAW, SGSB Ecdysozoa miR-305 WCR, FAW, SGSB 
Bilatera miR-29 SGSB Panarthropoda miR-276 WCR, FAW, SGSB 
Bilatera miR-31 WCR, FAW, SGSB Arthropoda miR-275 WCR, FAW, SGSB 
Bilatera miR-315 WCR, FAW, SGSB Arthropoda miR-iab4 WCR, FAW, SGSB 
Bilatera miR-33 FAW Mandibulata miR-282 WCR, FAW, SGSB 
Bilatera miR-34 WCR, FAW, SGSB Mandibulata miR-316 FAW, SGSB 
Bilatera miR-375 FAW, SGSB Mandibulata miR-965 WCR, FAW, SGSB 
Bilatera miR-7 WCR, FAW, SGSB Pancrustacea miR-309   
Bilatera miR-71 WCR, FAW, SGSB Pancrustacea miR-2765 WCR, FAW, SGSB 
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Table 4.1. continued 
Origin 
miRNA 
family 
Presence Origin miRNA family Presence 
Pterygota miR-14 WCR, FAW, SGSB Animaliaa miR-100 WCR, FAW, SGSB 
Pterygota miR-306 FAW, SGSB Bilatera miR-3529 WCR, FAW, SGSB 
Pterygota miR-927 WCR, FAW, SGSB Bilatera* miR-993 WCR, FAW, SGSB 
Pterygota miR-929 WCR, FAW, SGSB Panarthropoda miR-3761 WCR, FAW, SGSB 
Pterygota miR-971 WCR Arthropodaa miR-11 WCR, FAW, SGSB 
Pterygota miR-1000 WCR, FAW, SGSB Arthropodaa miR-5310 WCR, FAW, SGSB 
Pterygota miR-2796 WCR, FAW, SGSB Pancrustaceaa miR-2788 WCR, FAW, SGSB 
Pterygota miR-3049 WCR Neoptera miR-2002 WCR, FAW, SGSB 
Pterygota miR-932 WCR, FAW, SGSB Neoptera miR-3281 WCR, FAW, SGSB 
Pterygota miR-3770   Neoptera miR-3403 WCR, FAW, SGSB 
Pterygota miR-6012   Neoptera miR-3888 WCR, FAW, SGSB 
Endopterygota miR-1006   Neoptera miR-5322 WCR, FAW, SGSB 
Endopterygota miR-989 FAW Neoptera miR-970 WCR, FAW, SGSB 
Endopterygota miR-1007   Neoptera miR-998 WCR, FAW, SGSB 
      Neoptera NC_007084.3 WCR, FAW, SGSB 
      Neoptera novel_mir_66 WCR, FAW, SGSB 
      Neoptera har-miR-novel-19 WCR, FAW, SGSB 
      Neoptera PC-11 WCR, FAW, SGSB 
      Neoptera PC-12 WCR, FAW, SGSB 
      Neoptera PC-13 WCR, FAW, SGSB 
      Neoptera PC-18 WCR, FAW, SGSB 
      Neoptera PC-1954 WCR, FAW, SGSB 
      Neoptera PC-24 WCR, FAW, SGSB 
      Neoptera PC-59 WCR, FAW, SGSB 
      Neoptera PC-89566 WCR, FAW, SGSB 
aFamily origin reported in previous studies. 
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Table 4.2. Classification of miRNAs previously reported as novel 
MicroRNAs were assigned to a family based on seed sequence identity.   
Original name Source Sequence 
Pre-miRNA 
reported? 
Proposed 
miRNA 
family 
pci-m0001-3p Liu et al., 2014 TGAGATCATTGTGAAAGCTGTTT Yes bantam 
pci-m0010-5p Liu et al., 2014 TGAGGTAGTAGGTTGTATTGTT Yes let-7 
Par-152 Quah et al., 2015 ACAGTCTACCCGGACAGGCCGA Yes miR-10485 
pci-m0013-3p Liu et al., 2014 TGAGATTCAACTCCTCCAACTTAT Yes miR-1175 
Bmo-m0027a Song et al., 2015 ATGCGGGGATGTAGCTCAGTGGT No miR-2002 
miR-S36a Zhu et al., 2016 TTCCCGGCCGATGCACCA No miR-3761 
pci-m0016-3p Liu et al., 2014 GTGAGCAAAGTTTCAGGTGTGTTT Yes miR-87 
pci-m0002-3p Liu et al., 2014 TATTGCACTAGTCCCGGCCTG Yes miR-92 
har-miR-novel-17 Lomate et al., 2014 AGGATACATTCAGTATACGTACA No miR-iab-8 
Par-471 Quah et al., 2015 GTGGGGCAAATTGCGAAAGCCG Yes PC-49098b 
aDiffer from proposed miRNA family at the 5' end; from the original sources, it is not clear whether 
these are degradation products, isomiRs, or truly unique miRNAs with a seed sequence altered from 
that of the proposed family 
bReported as novel in [61] 
 
 
Table 4.3. Sequences used in primer and probe design for detection of insect miRNAs 
Assay RNA type RNA name Sequence 
Northern blot small nuclear RNA U6 TGCTAATCGTCTCTGTATA 
Northern blot microRNA let-7 TGAGGTAGTAGGTTGTATAG 
Northern blot microRNA bantam TGAGATCATTGTGAAAGCTGATT 
RT-qPCR microRNA let-7 TGAGGTAGTAGGTTGTATAGTT 
RT-qPCR microRNA miR-1 TGGAATGTAAAGAAGTATGGAG 
RT-qPCR microRNA miR-10 TACCCTGTAGATCCGAATTTGTG 
RT-qPCR microRNA miR-100 AACCCGTAGATCCGAACTTGTG 
RT-qPCR microRNA miR-184 TGGACGGAGAACTGATAAGGGT 
RT-qPCR microRNA miR-276 TAGGAACTTCATACCGTGCTCT 
RT-qPCR microRNA miR-277 TAAATGCACTATCTGGTACGACA 
RT-qPCR microRNA miR-3761 TCGTTTCCCGGGCAGTGCACCA 
RT-qPCR microRNA miR-8 CATCTTACCGGGCAGCATTAGA 
RT-qPCR microRNA miR-9 TCTTTGGTTATCTAGCTGTATGA 
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Abstract 
Western corn rootworm (Diabrotica virgifera virgifera) is a serious agricultural pest known 
for its high adaptability to various management strategies, giving rise to a continual need for new 
control options.  Transgenic maize expressing insecticidal RNAs represents a novel mode of action for 
rootworm management that is dependent on the RNA interference (RNAi) pathways of the insect for 
efficacy.  Preliminary evidence suggests that western corn rootworm could develop broad resistance to 
all insecticidal RNAs through changes in RNAi pathway genes; however, the likelihood of field-
evolved resistance occurring through this mechanism remains unclear.  In the current study, eight key 
genes involved in facilitating interference in the microRNA and small-interfering RNA pathways were 
targeted for knockdown in order to evaluate impact on fitness of western corn rootworm.  These genes 
include drosha, dicer-1, dicer-2, pasha, loquacious, r2d2, argonaute 1, and argonaute 2.  Depletion of 
targeted transcripts in rootworm larvae led to changes in microRNA expression, decreased ability to 
pupate, reduced adult beetle emergence, and diminished reproductive capacity.  The observed effects 
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do not support evolution of resistance through changes in expression of these eight genes due to reduced 
insect fitness. 
 
Introduction 
RNA interference (RNAi) is a biological process conserved across plants and animals wherein 
gene expression is controlled through a mechanism mediated by small 20-30 nucleotide complementary 
single-stranded RNAs (reviewed in [1]).  The microRNA (miRNA) and small interfering RNA (siRNA) 
pathways provide endogenous control of gene expression, mobile genetic elements, and invading 
viruses [2-4].  Steps required for the interference response in various cellular contexts have been 
elucidated through study of model organisms, resulting in an advanced understanding of the RNAi 
pathways in the dipteran insect Drosophila melanogaster.  The D. melanogaster miRNA pathway 
begins with the cleavage of endogenously expressed single-stranded primary miRNAs into precursor 
miRNAs by the microprocessor complex composed of Drosha and Pasha [5, 6].  Precursor miRNAs 
are exported from the nucleus and further processed into short double-stranded RNA (dsRNA) duplexes 
by Dicer-1 (DCR-1) and Loquacious (LOQS) [7-9].  The D. melanogaster siRNA pathway is activated 
by long dsRNAs which can be taken up from the environment and processed into short duplexes in the 
cytoplasm by Dicer-2 (DCR-2) and R2D2 [10, 11].  One strand of either a miRNA or siRNA duplex is 
loaded into Argonaute 1 (AGO1) or Argonaute 2 (AGO2), respectively, forming active RNA induced 
silencing complexes (RISCs) [12-16].  Both types of RISC bind RNAs with some degree of 
complementarity to the guiding small RNA, resulting in repression or cleavage of target RNA [2, 3].  
These eight proteins—Drosha, Pasha, LOQS, DCR-1, DCR-2, R2D2, AGO1, and AGO2—are the core 
RNAi machinery of the mi- and siRNA pathways, so designated due to their central involvement in 
facilitating the interference response. 
Both the mi- and siRNA pathways may be exploited to cause deliberate knockdown of essential 
genes in receptive organisms, a technique known as environmental RNAi (eRNAi) that has garnered 
interest in the agricultural sector as an innovative means of insect control (reviewed in [17]).  Plant-
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produced RNAs have been demonstrated to provide protection against agricultural pests of several 
different phylogenetic orders [18-20].  The western corn rootworm (WCR – Diabrotica virgifera 
virgifera) is one of the costliest pests in North America, with an estimated $1.17 billion expended 
annually in management inputs and yield loss [21].  It was also the first major agricultural pest shown 
to be controllable through an RNAi-based transgenic trait [20], and is the target of the first such trait 
registered by the United States Environmental Protection Agency [22].  Development of transgenic 
traits controlling WCR through novel modes of action such as RNAi are valuable due to the pest’s 
history of overcoming certain chemical and biological insecticides, as well as management practices 
such as crop rotation (reviewed in [23]).  This adaptability must be taken into consideration prior to the 
deployment of new control technologies so as to maximize trait efficacy and lifespan through 
appropriate resistance management. 
Development of WCR resistance to insecticidal RNAs has been speculated as possible through 
various routes, though of particular concern would be the development of a resistance mechanism 
conferring protection across all insecticidal RNAs via involvement of processes central to the RNAi 
response in insects [23, 24].  Artificially reducing expression of dcr-2 and ago2 has previously been 
reported to both confer complete protection to WCR adults against an insecticidal dsRNA and show no 
phenotypic effects in adults or larvae [25-27].  It was additionally shown that knockdown of drosha 
and dcr-1 did not seem to affect WCR adults, though effects were observed with ago1 knockdown [25-
27].  Moreover, the siRNA pathway genes have been reported as among the 3% fastest evolving genes 
in D. melanogaster [28], and eukaryotic organisms in general show high diversity in the presence, 
number, and function of RNAi pathway components [29].  Collectively, these reports imply that 
changes in certain core RNAi machinery may be sufficient to cause resistance to RNAi-based control 
in WCR.  Recent evidence suggests evolution of RNAi pathway gene functionality in insects is a slow 
and complex process [30-33].  While certain regions of the sequences themselves may show rapid 
change, conserved regions that preserve protein function—and indeed the miRNA pathway genes 
themselves which participate in certain aspects of siRNA-mediated RNAi—show little to no evidence 
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of positive selective pressure [28].  Despite hundreds of millions of years of host-pathogen interaction 
forcing adaptation in these sequences, including direct targeting by viral suppressors of RNA silencing, 
insects still rely heavily upon the RNAi pathway proteins for defense against entomopathogenic viruses 
([31, 32, 34], reviewed in [35]).  Therefore, changes in expression of these genes was considered to be 
a more viable route to resistance than outright loss or functional mutation.  The current study explores 
the effects of reduced expression of core RNAi pathway genes to determine whether this is a potential 
route to resistance. 
Laboratory-based probes into broad theoretical resistance mechanisms can overlook potential 
repercussions of such mechanisms on practical viability of the insect.  Many genes participating in the 
function and efficiency of insect RNAi pathways are involved in multiple processes, and their alteration 
may have widespread consequences—especially in a natural setting [35-37].  Downregulation of core 
components of the WCR RNAi pathway is potentially one of the most direct paths to resistance against 
RNAi-based control suggested to date.  The current study provides an in-depth assessment of the impact 
on WCR of lowered core RNAi machinery expression.  Knockdown targets include all eight genes 
serving core processing roles in the mi- and siRNA pathways, due to interest in utilization of both 
pathways for insect control, as well as their known or suspected pathway cross-functionality in D. 
melanogaster [7, 38-44].  In agreement with previous reports, no phenotypic abnormalities were 
observed in larval stages upon treatment with dsRNA against these targets.  However, knockdown 
occurring in older WCR larvae resulted in decreased ability to pupate, reduced adult emergence, and 
diminished reproductive capacity.  Additionally, decreased expression of the core RNAi machinery 
caused changes in expression of miRNAs.  The effects on post-larval WCR observed within this study 
argue against changes in expression of the core RNAi machinery directing field-evolved resistance. 
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Results 
Design of WCR RNAi machinery knockdown experiments 
Double-stranded RNAs against each of the eight core RNAi machinery genes were prepared 
for oral administration to WCR larvae in two different types of bioassays (Figure 5.1).  To the extent 
possible, dsRNAs were designed to target all known isoforms of each gene (Chapter 2).  The first type  
 
Figure 5.1. Bioassays used for knockdown of core RNAi machinery in relation to WCR life cycle.  Depicted 
are eight points throughout the WCR life cycle relevant to the two bioassays used for exposure to 
dsRNA targeting core RNAi machinery: first through third larval instar, pupa, pre-reproductive 
adult male and female, reproductive adult male and female, young egg (<24 hours old), and old egg 
(<24 hours to hatch).  In the early-first-instar bioassay, newly-hatched WCR larvae were placed on 
agar-based diet prepared with water for 24 hours and then transferred to fresh diet containing the 
treatments (TMT).  Larvae were allowed to feed on the diet for seven days until late in the second 
larval instar, when they were assessed for growth and development.  In the late-third-instar bioassay, 
larvae nearing the end of the third instar were placed on agar-based diet prepared with water for 24 
hours, transferred to fresh diet containing the treatments for 24 hours, then placed into pupation 
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medium.  Treated larvae were monitored for transition to adults, survival through a designated 
reproduction period, capacity for egg production, and hatch rate of resulting eggs.  Points at which 
insects were exposed to treatments are indicated by gold arrows, and points at which they were 
collected for gene expression analysis are indicated by black lines.  Diagram is not scaled to 
accurately represent insect size or time. 
 
of bioassay utilized larval WCR early in the first instar.  Approximately 24 hours post-hatch, larvae 
were presented with fresh diet containing either buffer, Escherichia coli β-glucuronidase (gus) dsRNA, 
dvssj1 insecticidal dsRNA [45], or target gene dsRNAs and allowed to feed for either two or seven days 
without diet refresh.  At the end of each time point, larvae were collected for gene expression analysis 
when control larvae were late-first or late-second instar, respectively.  At the end of the bioassay, larval 
growth and development was assessed prior to collection.  Evaluation of the effects of each of the eight 
dsRNAs occurred over the course of several experiments, but may be directly compared. 
The second type of bioassay utilized larval WCR late into the third instar.  Approximately two 
to four days prior to pupation, actively feeding larvae were exposed for 24 hours to fresh diet containing 
each treatment.  Treated larvae were then allowed to pupate and monitored for their ability to develop 
into reproductively capable adults.  Insects were collected for gene expression analysis when control 
insects were late-third-instar larvae, pupae, adult males and females prior to and following a defined 
egg-laying period, and eggs approximately one day from hatch.  Adult emergence, mortality, egg 
production, and egg hatch rate was measured.  Due to assay complexity, exposure to the eight dsRNAs 
was split into two experiments.  The first experiment was a pilot study with only a water and dcr-1 
dsRNA treatment, to ensure effects could be observed.  The second experiment included additional 
negative controls and the remaining dsRNAs.  Results should only be compared within an experiment 
due to variation in performance of the source WCR colony. 
Success and persistence of RNAi machinery knockdown 
Effectiveness of the dsRNAs in suppressing each target gene was evaluated using reverse 
transcription polymerase chain reaction (RT-qPCR).  Expression analysis was conducted on larvae 
collected from each treatment at both two and seven days post-exposure in early-first-instar bioassays, 
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as well as at three days post-exposure in late-third-instar bioassays (Figure 5.2).  A decrease in transcript 
levels of each target gene is observed shortly after exposure for both first and third instar larvae, 
consistent with the robust response of WCR to eRNAi.  Some targets show increased suppression after  
 
Figure 5.2. Knockdown of core RNAi machinery in early-first-instar and late-third-instar exposure bioassays.  
Insects were collected at 2 and 7 days post-treatment in the early-first-instar bioassays, when control 
larvae were first and second instar, respectively.  Insects were collected at 3, 13, 30, 45, and 56 days 
post-treatment in the late-third-instar bioassays, when control insects were third instar, pupa, pre-
oviposition adult male and female, post-oviposition adult male and female, and old egg, 
respectively.  Samples (n=3) were analyzed for expression of each core RNAi machinery gene with 
triplexed RT-qPCR using the reference genes α-tubulin and ef1α.  Graphed points represent median 
normalized expression (± MAD), obtained from calculating the geometric mean of the ratios 
between interpolated concentration values of the target gene to each reference gene across all 
samples within each treatment group.  All sample types were not available for all treatments at all 
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collection points, depending on treatment effects.  If expression for a particular target overlapped in 
the adult males and females across all treatments, results were combined and are indicated by the 
term “adult”.  Expression in samples analyzed from the water treatment are shown in black squares, 
from the buffer treatment in dark grey diamonds, from the gus dsRNA treatment in light grey 
triangles, and from the core machinery dsRNA treatment in gold circles.   
 
an additional five days in early-first-instar bioassays, while others show little difference in knockdown 
between two and seven days.  Remaining samples collected from other points throughout the late-third-
instar bioassays were also evaluated to monitor persistence of target knockdown (Figure 5.2).  
Expression of most core RNAi machinery shows the greatest suppression in pupal samples (58-88% 
relative to buffer), then steadily recovers thereafter until reaching control treatment levels by the post-
oviposition phase approximately 45 days following exposure.  Eggs produced from insects treated with 
dsRNA directed against core machinery genes show no difference from control treatments, except for 
ago1-treated eggs which show increased expression of ago1 transcript relative to controls. 
Knockdown causes minimal impact on WCR growth 
Effect of the knockdown on the growth (Figure 5.3) and development (Table 5.1) of insects 
treated as early first instars was assessed at the end of a seven-day bioassay period (Figure 5.1).  The 
dvssj1 positive control dsRNA shows strong effects during the bioassay period, causing over 90% 
mortality or significant developmental delay across all observations and in agreement with its 
previously characterized activity [45].  In contrast, most treatments containing dsRNA targeting core 
RNAi genes do not significantly differ from the negative controls despite substantial target knockdown.  
Only drosha and loqs show a mild but significant impact on growth but none on development during 
the seven-day bioassay period. 
Late third instars treated with dsRNA against core RNAi machinery were collected and 
weighed in aggregated samples at select time points throughout the bioassay (Figure 5.1).  In general, 
no statistically significant differences are observed between treated and control insects (Figure 5.4).  
Third instars treated with dsRNA against drosha, loqs, and ago2 show decreased mass per insect, but 
only  loqs is statistically  different from  negative controls.   No significant differences  are apparent in  
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Figure 5.3.  Growth of WCR larvae fed dsRNA targeting core RNAi machinery.  All treatments were prepared 
on the start of each bioassay day using a target of 96 insects.  Data represent percentage of insects 
in each treatment assigned to each category of impact, where 3 = mortality, 2 = severe stunting, 1 = 
stunting, 0 = no affect.  Percent of insects scoring in each category was estimated from a generalized 
linear mixed model, and statistically significant differences were identified from Sidak-adjusted P-
values.  Treatments marked with an asterisk(*) indicate proportion of insects in each category is 
significantly different than the buffer and gus controls (P<0.05).  Results of development analysis 
of these insects are shown in Table 5.1. 
 
pupal, pre-oviposition female, or post-oviposition male masses.  Pre-oviposition males were only 
measured for dcr-1-treated insects and no other core machinery gene due to a lack of spare males.  The 
post-oviposition males that had been treated with dsRNA against pasha and females treated with 
drosha, pasha, and ago1 dsRNAs show lower average masses, but the effect is not statistically 
significant.  Knockdown of core RNAi machinery genes also does not cause a difference in mass of 
eggs produced, except those from ago1-knockdown insects which do show a significant increase. 
Decrease in larval gene expression reduces WCR pupation and emergence 
Larvae treated as late third instars were allowed to pupate and adult beetles were counted and 
sexed as they emerged.  In the second experiment, overall emergence and proportion of emerged males 
was lower than expected, but as this effect was observed across all treatments, it was attributed to 
performance of the WCR colony.  The water negative control of the second experiment also showed 
reduced performance compared with the buffer and gus negative controls on certain parameters such 
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as adult emergence.  The unexpected discrepancy of this control does not compromise the overall 
conclusions, as the buffer and gus treatment results coincide and more accurately reflect conditions in 
the RNAi machinery knockdown treatments.  Decreased expression of drosha, dcr-2, pasha, and ago1  
 
Figure 5.4. Mass of insects collected throughout late-third-instar bioassays.  Data from both experiments of 
late-third-instar bioassay displayed in graphs represent means and 95% confidence intervals 
estimated using a one-way linear model, and statistically significant differences identified from 
Tukey’s-adjusted P-values.  Alphabetical letters indicating significance are shown for each 
treatment, and treatments followed by a common letter are not statistically different from each other 
at the significance level of 0.05.  Missing bars indicate no insects could be spared from that treatment 
for sample collection.  Replication within treatment consisted of a target of three samples containing 
eight insects each.  Experiment 1 egg samples were split into three samples per time point (n=3 per 
time point), and for experiment 2 were kept as one sample per time point (n=3 across all time points).  
Results should only be compared within each experiment. 
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adversely affects the ability of WCR larvae to successfully transition to adults (Figure 5.5A).  The most 
severe reduction in emergence appears in ago1-treated insects, where most larvae are unable to pupate 
(Figure 5.5B).  Insects treated with dsRNA against dcr-1, loqs, r2d2, and ago2 do not show differences 
in emergence rate compared to controls.  The percentage of emerged males and females from treated 
larvae is not significantly different from control insects (Figure 5.6), indicating that lowered expression 
of these genes had similar effects on both sexes. 
Emerged WCR adults show no increased mortality 
Emerged WCR adults were next monitored for elevated mortality due to knockdown of core 
machinery genes.  There were two monitoring periods: prior to female egg laying (pre-oviposition, 
through ~14 days post-emergence) and during female egg laying (oviposition, ~14 to 30 days post-
emergence).  Overall adult mortality was recorded during the post-emergence (pre-oviposition) period, 
while beetles dying during oviposition were sexed as they were recorded.  No differences in post-
emergence mortality are observed as a result of treatment (Figure 5.6), although malformation of the 
elytra and wings are more prevalent in adults emerged from drosha- pasha- and ago1-treated larvae 
(Figure 5.5C).  Because no significant difference was detected in mortality of males versus females in 
any treatment, total adult mortality during the oviposition period was evaluated.  No treatment 
significantly impacts adult mortality (Figure 5.5D).  Reduction in emergence of the ago1-treated insects 
was so extreme that only a few adults were available to assess post-emergence parameters, making the 
absence of mortality in these insects biologically meaningless. 
Larval gene knockdown inhibits WCR fecundity 
Ability of the emerged WCR adults to produce viable eggs was examined for effects resulting 
from reduced core machinery expression.  Following the pre-oviposition emergence period, oviposition 
cages were established by treatment and calibrated to the number of available females.  Differences in 
emergence rates affected the ability to reach target rates of females and males per cage for some 
treatments.  The presence of fewer males than females per cage is not expected to influence the measure 
of overall reproductive capacity.  Adults mated during both the pre-oviposition and oviposition periods,  
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Figure 5.5. Effects of core RNAi machinery knockdown on WCR pupation and emergence.  Data from both 
experiments of late-third-instar bioassay displayed in graphs represent means and 95% confidence 
intervals estimated using a generalized linear mixed model, and statistically significant differences 
identified from Tukey’s-adjusted P-values.  Alphabetical letters indicating significance are shown 
for each treatment, and treatments followed by a common letter are not statistically different from 
each other at the significance level of 0.05.  Results should only be compared within each 
experiment.  Image scale bars represent 2.0 mm.  A) Emergence of treated WCR shown as a 
proportion of the total exposed larvae.  Replication within treatment consisted of four pupation 
dishes each.  B) Phenotype displayed by ago1-treated insects.   Images were collected days 12 
following infestation of pupation dishes; most insects from this treatment were unable to pupate.  C) 
Phenotype displayed by some insects treated with drosha, pasha, or ago1 dsRNAs—ago1-treated 
insects are shown as an example.  These treatments showed higher incidence of wing and elytra 
malformations. D) Adult mortality during the oviposition period.  Replication within treatment 
consisted of three oviposition cages, with the exception of the ago1 treatment (n=1).  As no 
significant differences on mortality across treatment were found, number of adult beetles is instead 
indicated above each bar. 
 
so eggs produced within a cage do not only reflect matings between the females and males in that 
specific cage.  The oviposition period was broken into three time points, and eggs were collected from 
each cage at the end of each time point, pooled by treatment, incubated, aliquoted, and finally monitored 
for hatch. 
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Figure 5.6.  Proportion of each sex and post-emergence (pre-oviposition) mortality in emerged adults.  Data 
from both experiments of late-third-instar bioassay are displayed as percent of emerged adults, and 
means estimated using a generalized linear mixed model are shown.  No statistically significant 
differences were identified in post-emergence mortality or proportion of males and females of 
treated insects, indicated by Tukey’s-adjusted P-values greater than 0.05.  Results should only be 
compared within each experiment. 
 
Calculation of egg production per starting oviposition female during the first time point reveals 
that treatment with dsRNA against dcr-1, drosha, pasha, and ago1 causes drastic reductions in numbers 
of eggs laid (Figure 5.7A).  A lower capacity for egg production is also apparent in females treated with 
dcr-2, r2d2, and ago2 dsRNAs, though these treatments are not statistically different from the buffer 
and gus controls.  No effect is observed for the number of eggs produced by females treated as larvae 
with loqs dsRNA.  A similar pattern of treatment effects is replicated within the other oviposition time 
points and regardless of the calculation method used (Figures 5.8A-5.8D).  Egg hatch exhibited a time-
dependent effect, so percent hatch was calculated separately for each treatment across all three 
oviposition time points (Figure 5.7B).  No treatment causes statistically significant effects on hatch rate  
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Figure 5.7.  Effects of core RNAi machinery knockdown on WCR egg production and egg hatch rate.  Data from 
both experiments of late-third-instar bioassay displayed in graphs represent means and 95% 
confidence intervals estimated using a linear mixed model (egg production) or generalized linear 
mixed model (hatch rate), and statistically significant differences identified from Tukey’s-adjusted 
P-values.  Alphabetical letters indicating significance are shown for each treatment, and treatments 
followed by a common letter are not statistically different from each other at the significance level 
of 0.05.  Results should only be compared within each experiment.  A) The number of eggs produced 
during the first oviposition time point per starting number of WCR females.  Replication within 
treatment consisted of three oviposition cages, with the exception of the ago1 treatment (n=1).  B) 
Egg hatch rate across time points 1 (black circles), 2 (grey squares), and 3 (white triangles) shown 
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as percent hatch of total tested eggs.  Replication within treatment consisted of three aliquots of eggs 
per cage per time point (n=9 per time point, ago1 n=3 per time point).  Significant difference from 
the buffer control was observed in eggs whose parents had been treated with ago1 dsRNA at time 
points 1 and 2, and from the gus control in ago1 eggs at time point 2 (P<0.05). 
 
except ago1, where eggs show a 20-30% increased hatch rate relative to the buffer and gus controls in 
all three time points.  Together, these results indicate the primary contributor to the observed reduction 
in WCR fecundity is reduced egg production, with minimal to no contribution from decreased egg 
viability. 
Knockdown impedes proper expression of WCR miRNAs 
Because phenotypic effects were not obvious at certain WCR stages despite confirmed 
knockdown of core RNAi machinery genes, functionality of the RNAi pathways was assessed by 
examining expression levels of five diagnostic miRNAs.  These miRNAs were chosen based on reports 
in D. melanogaster that they are preferentially loaded into AGO1 (miR-8, miR-276, likely miR-3761) 
or AGO2 (miR-1 and miR-277) [43], or were found to consistently express across the WCR life cycle 
(all five – Chapter 4).  MicroRNA expression was evaluated by RT-qPCR.  Knockdown of drosha, 
pasha, dcr-1, loqs, ago1, r2d2, and ago2 changes expression of one or more miRNAs compared with 
control insects (Figure 5.9).  These changes were observed in second instar larvae collected seven days 
after dsRNA treatment in the early-first-instar exposure bioassays.  However, little to no effect on 
expression of these miRNAs is observed in pupae collected from the late-third-instar exposure 
bioassays (Figure 5.10). 
 
Discussion 
Next-generation insect control based on RNAi technology will be an important component in 
the continued arms race with agricultural insect pests.  In order to protect this new technology, it is 
beneficial to understand potential paths through which insects may develop resistance and proactively 
incorporate  management  strategies  into  their deployment.   High levels  of resistance  to insecticidal 
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Figure 5.8. Egg production from WCR females treated as third instar larvae with dsRNA against core RNAi 
machinery.  Data from both experiments of late-third-instar bioassay displayed in graphs represent 
means and 95% confidence intervals estimated using a linear mixed model, and statistically 
significant differences identified from Tukey’s-adjusted P-values.  Alphabetical letters indicating 
significance are shown for each treatment, and treatments followed by a common letter are not 
statistically different from each other at the significance level of 0.05.  Replication within treatment 
consisted of three oviposition cages, with the exception of the ago1 treatment (n=1), and three time 
points per cage where time effects were not significant.  Results should only be compared within 
each experiment.  A) Eggs produced during indicated 5-day time point per female present at the 
start of oviposition for time points 2 (left) and 3 (right).  B) Eggs produced during indicated time 
point per female alive at the start of time points 1 (black circles), 2 (grey squares), and 3 (white 
triangles).  Data were not calculated from the first round of late-third-instar bioassay because no 
time effect was observed.  C) Eggs produced during each 5-day time point per average number of 
females alive during each time point.  D) Total eggs produced during the oviposition time period 
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per female present at the start of oviposition.  E) Total number of eggs produced per treatment during 
the entire oviposition time period (15 days). 
 
proteins are usually receptor-mediated and therefore specific to a single protein or a small number of 
proteins which bind the same receptor [37].  Insecticidal RNAs—regardless of target—depend on a 
highly conserved central processing mechanism within the pest for efficacy.  A scenario can be 
imagined where insects may develop resistance to all insecticidal RNAs through changes in expression 
or function of proteins involved in RNAi pathways.  However, ambiguity exists about whether changes 
in RNAi machinery expression would result in fitness costs that would limit establishment of a resistant 
population.  Western corn rootworm is the primary target of transgenic maize expressing insecticidal 
RNAs [45, 46], and has well-documented adaptability to many pest management tactics [47-49].  The 
current study reveals fitness costs associated with reduced expression of the WCR core RNAi 
machinery, suggesting this is an unfavorable path to eRNAi resistance. 
Two types of bioassays were used to mimic a possible resistance paradigm where expression 
of core RNAi machinery is reduced in larvae, thereby theoretically conferring protection against 
insecticidal RNAs to vulnerable life stages.  In agreement with and expansion of a previous report [25], 
the first type of bioassay confirmed exposure of WCR first instar larvae to dsRNA targeting dcr-2 and 
ago2 resulted in no overt phenotypic changes despite robust gene suppression.  Knockdown of an 
additional six core mi- and siRNA pathway genes also showed little or no phenotypic impact.  However, 
effects on the expression of several miRNAs were noted in all treatments except dcr-2.  Most of these 
proteins are known to participate early in D. melanogaster development, and have maternal 
contributions of either gene or protein products [50-56].  Additionally, these transcripts exhibit periods 
of increased expression during aging of D. melanogaster eggs [57, 58].  A recent report showed similar 
increased expression in WCR eggs [59].  High endogenous expression during egg development and 
long-lived mRNA or proteins may explain why knockdown of these genes lack overt larval phenotypes.  
Carryover  of embryonic  RNAi  machinery mRNA  or  protein may  also  disallow  protection  against  
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Figure 5.9. Effects of core RNAi machinery knockdown on miRNA expression in WCR larvae.  Insects 
collected 7 days post-treatment in the early-first-instar bioassays were analyzed for expression of 
three probable AGO1-loaded miRNAs (miR-8-3p, miR-276, miR-3761) and two probable AGO2-
loaded miRNAs (miR-1a-5p, miR-277).  Samples were those described in Figure 5.2 (n=3), and 
were analyzed for expression of each miRNA with two-step singleplex RT-qPCR.  Graphed bars 
represent mean relative fold change (± SD), obtained from using the 2(-ΔΔCt) method with a spiked 
RNA reference and buffer-treated samples as the control group.  From left to right for each 
treatment, expression of miR-8 is shown in black, miR-276 in dark grey, miR-3761 in light grey, 
miR-1 in white, and miR-277 in gold. 
 
insecticidal dsRNAs in a field setting, as it may be difficult to decrease expression of these critical 
developmental genes in time to provide protection. 
In a second type of bioassay, consequences of core RNAi machinery knockdown in larvae were 
seen to manifest later in the WCR life cycle.  Reducing expression of any of the eight core machinery 
genes in late third instar larvae led to a variety of phenotypes that could negatively impact field viability, 
most strikingly adult emergence and egg production.  Decreased expression of drosha, dcr-2, pasha, 
and ago1 in WCR larvae preparing to pupate reduced their ability to successfully transition to adults.  
Expression  of these  four  transcripts  increases  from  third  instar  to  pupa  (Chapter 2),  and  dsRNA 
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Figure 5.10. Effects of core RNAi machinery knockdown on miRNA expression in WCR pupae.  Insects 
collected 13 days post-treatment in the late-third-instar bioassays were analyzed for expression of 
miRNAs as described in Figure 5.9.  Insects exposed to ago1 dsRNA were not available for analysis 
due to treatment effects.  From left to right for each treatment, expression of miR-8 is shown in 
black, miR-276 in dark grey, miR-3761 in light grey, miR-1 in white, and miR-277 in gold. 
 
treatment just prior to this phase in many cases seems to reduce protein abundance below a level 
necessary for completion of metamorphosis.  A similar expression pattern was also shown for dcr-1 
and ago2, but knockdown of these two targets did not significantly influence adult emergence.  
Expression of r2d2 was not shown to change between third instar and pupa, and likewise did not 
noticeably disrupt emergence.  These proteins may not be as critical for transition through the pupal 
stage; they may also turn over more slowly than the others, making protein already present prior to 
dsRNA suppression sufficient for the transition, especially if they are most necessary in pre- or early 
pupation.  Larvae treated at third instar successfully emerging as adults additionally showed diminished 
egg-laying capacity.  Targeting drosha, dcr-1, dcr-2, pasha, ago1—and to a lesser extent r2d2 and 
ago2—caused WCR females to produce lowered numbers of eggs.  All of these genes contribute to 
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normal fertility in D. melanogaster either through formation of ovary architecture or during 
gametogenesis [50, 60-62].  If they serve analogous functions in WCR reproduction, inadequate protein 
to fulfill these roles could explain the observed reduction in numbers of eggs produced by WCR 
females. 
Considering the presumed involvement of the WCR core RNAi pathway machinery in 
developmental processes, it is not surprising that effects were observed upon suppression of most of 
these targets.  However, effects of loqs knockdown are conspicuously absent.  Treatment with loqs 
dsRNA in WCR only slightly reduces the size of second and third instar larvae.  If this protein is 
involved in processing exogenous dsRNAs in WCR, reducing its expression may represent a possible 
path to eRNAi resistance for WCR.  Reports in other insects suggest such a functionality in processing 
exogenous dsRNAs for LOQS [39, 63], though its role in the siRNA pathway is currently thought to 
predominate in the processing of endogenous siRNAs [64, 65].  Characterization of LOQS as a core 
component of the D. melanogaster miRNA pathway has also been recently questioned; it has been 
reported as important late in pupation and ovary and ovariole formation, but some individuals survive 
the absence of this transcript and not all miRNAs require it for maturation [52, 62, 66-68].  The 
relevance of loqs expression to the WCR RNAi pathways and eRNAi requires further study. 
It is important to note the timing and manner of dsRNA exposure may have affected the effects 
observed in the current study.  Again, longevity of RNAi machinery mRNAs and proteins in WCR is 
unknown and may be masking the true consequences of reduced gene expression.  Because knockdown 
was instigated by only one dsRNA exposure and was not refreshed, suppression did not persist at full 
strength, evidenced by expression recovery to normal levels in post-oviposition adults and eggs.  This 
may also explain why essentially no effects were seen in eggs, despite potential maternal contributions 
to egg development, as well as previously reported successful parental RNAi in rootworm [69].  
Comparing the results reported here with a recent study examining effects of repeated exposure of 
dsRNAs targeting five core RNAi genes on WCR adults illustrates the importance of timing in these 
bioassays [27].  Most targets examined did not show any effects in that study.  However, similar to the 
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current work, it was found that ago1 knockdown decreased adult survival and egg production.  
Interestingly, although the previous study found that egg hatch was also decreased upon ago1 
knockdown, in the current study the small number of eggs laid by females emerged from ago1-treated 
larvae were larger, hatched at elevated rates, and were the only observed instance of transgenerational 
expression change.  A bioassay design where knockdown was consistently maintained from egg hatch 
through adult oviposition would likely reconcile the differences between the two studies.  New or 
enhanced effects of reduced expression of core RNAi machinery may be revealed under such 
conditions, including additional transgenerational effects. 
This and previously reported studies have explored potential WCR resistance to RNAi-based 
traits through lowered core RNAi machinery expression under laboratory conditions.  It has been shown 
that fitness costs detected in a laboratory setting are exacerbated in the field due, among other factors, 
to the presence of plant phytochemicals and entomopathogens [37, 70, 71].  The critical role of the 
siRNA core machinery in immune responses against not only viruses, but bacteria and fungi, has been 
demonstrated in D. melanogaster and other insects ([72, 73], reviewed in [35]).  If these genes function 
similarly in WCR, reduced expression of core RNAi components in young larvae may increase 
susceptibility to soil-based entomopathogens and other stressors.  In such a case, effects that are 
minimized or silent in the laboratory, like those observed here regarding miRNA expression changes 
in larvae, may become deleterious in the field.  It could also be possible that suppression specifically 
in WCR gut epithelium may provide protection against insecticidal dsRNAs while leaving the majority 
of cells with unchanged levels of these essential proteins.  Arguably negating this possibility is the fact 
that oral exposure is a primary route of insect infection by entomopathogens, specifically viruses 
(reviewed in [74]).  It has also been shown in at least one insect that a gut-specific upregulation of 
siRNA pathway genes occurs in response to persistent viral infection [75].  Little has been reported 
concerning pathogens infecting WCR, though several rootworm viruses have recently been 
characterized [76-78].  Further research regarding the nature of WCR entomopathogens, mode of 
infection, and interaction with RNAi machinery is needed to clarify this point. 
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Changes in key RNAi processing components has been suggested as a route through which 
WCR may develop resistance to eRNAi [24, 25, 27].  This study has shown that lowered expression of 
core mi- and siRNA genes in WCR larvae perturb miRNAs and lead to reductions in mass, adult 
emergence, and fecundity—factors that could disfavor survival of these insects in the field.  Due to 
observed impacts on fitness and the requirement of their D. melanogaster homologues for various 
developmental processes and vigor in a natural environment, significant changes in the WCR core 
RNAi pathway genes seem unlikely to independently enable field-evolved resistance.  Alternative 
mechanisms proposed for eRNAi resistance which do not have significant involvement in development 
and viral defense may be more advantageous.  Because a population showing field-evolved resistance 
to this new technology is not currently available, research on other proposed mechanisms should also 
consider impact on insect fitness, preferably throughout the entire insect life cycle and in a setting that 
feasibly mimics field conditions.  Such research is critical for incorporating appropriate strategies for 
mitigation of resistance into the deployment of this important new insect control technology. 
 
Methods 
Production of dsRNA 
Double-stranded RNAs were produced by first designing a set of primers for each target 
containing the T7 RNA polymerase start sequence appended to the 5’ end of each external primer.  
Target-specific primers were used to amplify from complementary DNA (cDNA) a 500 bp fragment of 
dcr-1 and dcr-2.  Employing standard methods [79], overlapping primers were used to self-amplify a 
synthetic 277 bp fragment of the following targets: E. coli gus (GenBank accession number S69414.1), 
drosha, pasha, loqs, r2d2, ago1, and ago2.  Template PCR was conducted using Invitrogen Platinum 
PCR SuperMix High Fidelity (Thermo Fisher Scientific, Inc. Waltham, MA) in a C1000 Touch 
instrument (Bio-Rad Laboratories, Inc., Hercules, CA); primers and PCR conditions are outlined in 
Table 5.2.  Template produced from cDNA was separated on 1.2% agarose gels and purified using the 
QIAquick Gel Extraction Kit (Qiagen N.V., Hilden, Germany) with associated manufacturer’s 
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instructions.  Template produced from overlapping primers was used without purification.  Large-scale 
(100-reaction) in vitro transcription (IVT) was carried out for each target using the Ambion 
MEGAscript T7 Transcription Kit (Thermo Fisher Scientific, Inc.) and 400 µL template following 
manufacturer’s protocol with an overnight 37°C incubation.  Following DNase treatment, a subsample 
of each reaction was purified using the Ambion MEGAclear Transcription Clean-Up Kit (Thermo 
Fisher Scientific, Inc.) and quantified using a NanoDrop 8000 UV-Vis Spectrophotometer (Thermo 
Fisher Scientific, Inc.) with software (v. 2.3.2).  Resulting subsample concentrations were used to back-
calculate the amount of dsRNA in the large-scale IVT reactions.  An aliquot of each purified dsRNA 
was loaded onto a 1.2% agarose gel containing 1.0 µg·mL-1 ethidium bromide (VWR International, 
LLC, Radnor, PA) and electrophoresed at 80 volts for 90 minutes.  Gels were imaged using an 
AlphaImager HP (Bio-Techne Corp, Minneapolis, MN) with AlphaView software (v. 3.4.0) and 
expected IVT product size was confirmed through comparison with the ZipRuler Express DNA Ladder 
1 (Thermo Fisher Scientific, Inc.). 
Early-first-instar exposure bioassays 
Early-first-instar bioassays were conducted in five experiments, each containing three to six 
treatments: two negative controls (buffer & E. coli gus dsRNA), a positive control (dvssj1 dsRNA), and 
one of each dsRNA targeting expression of a core RNAi machinery gene.  Overall diet preparation 
method followed a modified version of the artificial diet manufacturer’s Diabrotica recommendations 
(Frontier Scientific, Inc., Newark, DE), and insects were reared and handled by an internal insectary as 
previously described [80, 81].  Two 96-well U-bottomed serocluster plates (Corning, Inc., Corning, 
NY) per treatment per experiment were prepared as previously described [45], with buffer-normalized 
(v·v-1) dsRNA dosing solutions containing 300 ng·µL-1 resulting in final diet concentrations of 50 
ng·µL-1.  Newly-hatched WCR were acclimatized to neutral diet for 24 hours prior to transfer to 
treatment diets at a target rate of one insect per well.  Plates were placed in an incubator (Percival 
Scientific, Inc., Perry, IA) set at 25°C, 88% relative humidity (RH), and 0:24 light to dark hours for 
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seven days.  Larval parameters were assessed at the end of the bioassay period, including growth 
according to body size [45], development according to head capsule size [82], and mortality. 
Late-third-instar exposure bioassays 
Late-third-instar bioassays were conducted in two experiments as previously described [81], 
modified as appropriate for assessment of WCR core RNAi machinery knockdown.  Briefly, the first 
was a pilot experiment containing a water negative control and dcr-1 dsRNA.  The second experiment 
contained ten treatments: three negative controls (water, buffer, E. coli gus dsRNA), and dsRNA against 
each of drosha, dcr-2, pasha, loqs, r2d2, ago1, and ago2.  Each dosing solution except water treatments 
contained the same buffer percentage (v·v-1), and each dsRNA dosing solution contained unpurified 
dsRNAs at an estimated concentration of 300 ng·µL-1, yielding a final estimated diet concentration of 
50 ng·µL-1.  Four Costar TC-treated 6-well plates (Corning, Inc., Corning, NY) were prepared for each 
treatment, and were infested with 300-400 healthy, pre-acclimatized, eleven-day-old third instar larvae.  
After placement and incubation of larvae in pupation dishes, emerging adults were collected, counted, 
sexed, and transferred to a holding cage.  After ten days the number of males and females was adjusted 
to a target of 16-20 pairs per cage and three cages per treatment.  Each cage received oviposition dishes 
and eggs were collected over a period of 15 days, during which beetle mortality was also tracked.  The 
oviposition period was divided into three time points from which eggs were collected: days 1-5, 6-10, 
and 11-15.  At the end of each time point, total number of eggs per cage was counted and a subset of 
egg aliquots was utilized for seven-day hatch tests. 
Statistical analysis 
Statistical analyses were conducted using SAS software (v. 9.4) (SAS Institute Inc., Cary, NC).  
Replication within the early-first-instar bioassay was at the level of individual insects, with a target of 
96 per treatment per bioassay day, and treatments were compared to the buffer and gus controls.  
Replication within the late-third-instar bioassay was at the level of the pupation dish (target of 4), 
oviposition cage (target of 3), or egg aliquot (3 per cage per time point), and pairwise comparisons were 
made between all treatments.  Linear mixed models or generalized linear mixed models were fit to the 
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data as most appropriate for each observation variable.  Variables which were known to inherently 
violate the assumptions of linear mixed models, such as survival data, were fit with generalized linear 
mixed models which allow for appropriate distributional assumptions.  For continuous data, a linear 
mixed model or a linear fixed effects model was used, and graphical assessment of residuals was used 
to assess model fit in terms of the assumption of normally and independently distributed errors with 
homogeneous variance.  All statistical comparisons were conducted with a two-sided test; significant 
differences were identified for P-values <0.05. 
Larval growth 
A generalized linear mixed model was fit to the data using a cumulative logit link function for 
the assumed multinomial distribution and the Laplace method of integral approximation.  Treatment 
was modeled as a fixed effect, and bioassay day as a random effect.  Statistical comparisons between 
the test and negative control treatments with Sidak’s multiplicity adjustments were conducted.  
Larval mortality 
A generalized linear mixed model with a logit link function for the assumed binomial 
distribution and the Laplace likelihood approximation method was used to fit the data and estimate 
mortality rate for each treatment.  Treatment was considered a fixed effect, and bioassay day a random 
effect. Statistical comparisons between the test and negative control treatments with Dunnett’s 
multiplicity adjustments were conducted by testing on the odds ratio. 
Larval development 
A generalized linear mixed model with a logit link function for the assumed binomial 
distribution and the Laplace likelihood approximation method was used to fit the data and estimate rate 
of live larvae in first or second and third developmental instars per treatment.  Treatment was considered 
a fixed effect and bioassay day a random effect.  Comparisons between the test and negative control 
treatments with Dunnett’s multiplicity adjustments were conducted by testing on the odds ratio. 
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Sample mass 
A one-way linear model with fixed treatment effects was used to fit the sample mass data for 
each sample type, and the restricted maximum likelihood estimation (REML) method was used to 
estimate treatment means.  Pair-wise statistical comparisons were conducted with Tukey’s multiplicity 
adjustments.  
Total adult emergence 
A generalized linear mixed model with a binomial distribution, a logit link function, and the 
Laplace likelihood approximation method was used to fit the data and estimate rate of adult emergence 
for each treatment.  Treatment was considered a fixed effect and replicate within treatment a random 
effect.  Comparisons between all treatments with Tukey’s multiplicity adjustments were conducted by 
testing on the odds ratio. 
Male and female adult emergence 
A generalized linear mixed model with a binomial distribution, a logit link function, and the 
Laplace likelihood approximation method was used to fit the data and estimate either male or female 
proportion of adult emergence for each treatment.  Treatment was considered a fixed effect.  
Comparisons between all treatments with Tukey’s multiplicity adjustments were conducted by testing 
on the odds ratio. 
Adult mortality during oviposition 
A generalized linear mixed model with a binomial distribution, a logit link function, and the 
Laplace likelihood approximation method was used to fit the data and estimate mortality rate for each 
treatment.  Treatment, sex, and the interaction between them were considered fixed effects.  
Comparisons between all treatments with Tukey’s multiplicity adjustments were conducted by testing 
on the odds ratio. 
Fecundity 
Four approaches were used to model egg counts relative to number of WCR adult females: 
1. Eggs per starting female 
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A linear mixed model was used to fit the ratio of eggs collected from replicates sampled 
at multiple time points to the number of females present at the beginning of the oviposition 
period.  The REML method was used to estimate treatment means, and treatment, time point, 
and the interaction between them were considered fixed effects.  A compound symmetry 
covariance structure was used for the error variance-covariance matrix to allow positive or 
negative error covariance among repeated samples from each replicate.  Since the treatment 
and time point interaction was statistically significant, pair-wise statistical comparisons among 
all treatments within each time point were conducted with Tukey’s multiplicity adjustments. 
2. Eggs per starting female at each time point 
A linear mixed model was used to fit the ratio of eggs collected from replicates sampled 
at multiple time points to the number of females alive at the start of each oviposition time point.  
The REML method was used to estimate treatment means, and treatment, time point and the 
interaction between them were considered fixed effects.  A compound symmetry covariance 
structure was used for the error variance-covariance matrix to allow positive or negative error 
covariance among repeated samples from each replicate.  Since the treatment and time point 
interaction was statistically significant, pair-wise statistical comparisons among all treatments 
within each time point were conducted with Tukey’s multiplicity adjustments. 
3. Eggs per average live female 
A linear mixed model was used to fit the ratio of eggs collected from replicates sampled 
at multiple time points to the average number of live females during each oviposition time 
period.  The REML method was used to estimate treatment means, and treatment, time point 
and the interaction between them were considered fixed effects.  A compound symmetry 
covariance structure was used for the error variance-covariance matrix to allow positive or 
negative error covariance among repeated samples from each replicate.  Pair-wise statistical 
comparisons among all treatments across time points were conducted with Tukey’s multiplicity 
adjustments for each time point. 
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4. Total eggs per starting female 
A linear mixed model was used to fit the ratio of total eggs collected from replicates 
across all time points to the number of starting females at the beginning of the oviposition 
period, and the REML method was used to estimate treatment means.  Treatment was 
considered a fixed effect.  Pair-wise statistical comparisons among all treatments were 
conducted with Tukey’s multiplicity adjustments. 
Hatch rate 
A generalized linear mixed model with a binomial distribution, a logit link function, and the 
Laplace likelihood approximation method was used to fit the hatch rate data across time and estimate 
hatch rate for each treatment.  Treatment, time point, and the interaction between them were considered 
fixed effects, while replicate within treatment, replication by treatment and time point, and replication 
by time point by aliquot within each treatment were considered random effects. Since the treatment and 
time point interaction was statistically significant, pair-wise statistical comparisons among all 
treatments within each time point were conducted with Tukey’s multiplicity adjustments. 
Sample collection and RNA isolation 
Insects were collected from early-first-instar bioassays for gene and miRNA expression 
analysis at two and seven days post-exposure.  Three samples per treatment per time point were 
collected and weighed, at a target rate of 32 live insects per sample.  Insects were collected from late-
third-instar bioassays as third instar larvae, pupae, pre- and post-oviposition adult males and females, 
and eggs at 3, 13, 30, 45, and 56 days post-exposure, respectively.  Three samples per treatment per 
time point were collected and weighed at a target rate of eight live insects per sample for all sample 
types except egg.  All eggs were pooled by treatment at the end of each collection time point and 
weighed.  Samples stored as flash-frozen homogenates were removed and thawed on the day of RNA 
isolation; frozen insects were homogenized on the day of RNA isolation.  The RNA isolation procedure 
followed the manufacturer’s protocol included with the Ambion mirVana miRNA Isolation Kit 
(Thermo Fisher Scientific, Inc.) for separation and isolation of large (>200 nt) and small (<200 nt) RNA 
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fractions.  Directly following column elution, isolated large RNAs were DNase-treated using the 
RNase-free DNase kit (Qiagen N.V.) and re-purified using the Isolate II RNA Micro Kit (Bioline, 
London, England), both per manufacturer’s instructions.  Small RNA samples were flash-frozen in 
liquid nitrogen and stored at -80°C after isolation.  DNase digestion occurred on a separate day using 
the Ambion TURBO DNA-free Kit (Thermo Fisher Scientific, Inc.) and associated protocol.  
Additional details of RNA isolation and DNase treatment are presented in Chapter 3. 
Reverse transcription and quantitative PCR 
Expression levels of targeted core RNAi machinery genes were assessed using MIQE-
compliant RT-qPCR assays (Chapter 3) [83].  Purified large RNAs were quantified using a NanoDrop 
Spectrophotometer and cDNA was prepared on the day of RNA isolation using the Invitrogen 
SuperScript II First-Strand Synthesis System for RT-PCR (Thermo Fisher Scientific, Inc.) and low 
DNA-binding 0.2 mL PCR strip tubes with caps (Bioplastics/Cyclertest, Inc. Durham, NC).  Reaction 
conditions were as described in manufacturer’s instructions for a mix of both oligo-dT and random 
hexamer priming and were conducted in a C1000 Touch instrument.  Resulting cDNA was analyzed 
with triplex qPCR assays developed between a WCR core RNAi machinery gene and two WCR genes 
(α-tubulin and ef1α) previously validated as suitable RT-qPCR references [26, 84].  The SensiFAST 
Probe Lo-ROX Kit (Bioline) was used to amplify DNA in 10 µL total reaction volumes on Axygen 
384-well PCR microplates (Corning, Inc., Corning, NY) covered with MicroAmp Optical Adhesive 
Film (ThermoFisher Scientific, Inc.).  In addition to bioassay samples, each sample plate contained 
three standard curves of synthetic DNA fragments (one per assay target) and no amplification controls 
(NACs).  Standard curves and NACs were analyzed in triplicate; bioassay samples were analyzed in 
quadruplicate.  Quantitative PCR was conducted using the Applied Biosystems Viia 7 Real-Time PCR 
System (ThermoFisher Scientific, Inc.). 
Expression levels of five miRNAs were evaluated using a customized IDEAL miRNA Kit with 
Spike-in RNA (MiRXES, Pte Ltd., Singapore).  DNase-treated small RNAs were quantified and 
reverse-transcribed using species-specific primers.  Reverse transcription reactions contained 3.1 ng 
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small RNA and 1 µL RNA normalizer per 15 µL reaction.  Resulting cDNA was stored at -80°C, and 
was diluted 1:20 immediately prior to analysis.  The IDEAL miRNA qPCR Master Mix (MiRXES, Pte 
Ltd.) was used with species-specific primers in singleplex qPCR to amplify 3.3 µL diluted cDNA in 10 
µL total reaction volumes on 384-well PCR microplates as above.  Each plate contained NACs in 
addition to bioassay samples—both were analyzed in triplicate.  Quantitative PCR was conducted as 
above, with the addition of a melt curve at the end of each run.  Conditions for both reverse transcription 
and qPCR were as instructed in manufacturer-provided protocols; sequences used for assay design are 
listed in Table 5.2. 
Expression analysis 
Quantitative PCR data were generated for core RNAi transcripts using the QuantStudio Real-
Time PCR Software (v. 1.1) (Thermo Fisher Scientific, Inc.) with “Standard Curve” experimental 
design.  Normalized expression of the target gene within each sample was determined using the 
geometric mean of the ratios between interpolated values of the target gene to each reference gene.  
Values for the median and median absolute deviation (MAD) were then calculated across all sample 
means within each treatment group.  Further details of these calculations may be found in Chapter 3.  
Quantitative PCR data were generated for miRNAs using the QuantStudio Real-Time PCR Software 
with “Comparative Ct” experimental design.  Expression of miRNAs was determined relative to an 
artificial RNA spike, as previously described [85].  Values for the treatment average and standard 
deviation (SD) were calculated using all samples within each treatment group. 
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Table 5.1. Development of WCR larvae fed dsRNA targeting core RNAi machinery 
All treatments were prepared on the start of each bioassay day using a target of 96 insects.  Data represent 
larvae in each treatment showing mortality as percent of total infested larvae, and extent of development as 
percentage of live larvae.  The combined proportion of second and third instar is composed of nearly all second 
instar larvae, as only five individuals across all treatments developed to third instar.  Percent of insects within 
each developmental stage was estimated from a generalized linear mixed model, and statistically significant 
differences were identified from Dunnett-adjusted P-values.  Treatments with P-values <0.05 are significantly 
different from negative controls and are marked with an asterisk(*).  Results of growth analysis of these insects 
is shown in Figure 5.3. 
Treatment Dead 
95% 
Confidence 
interval 
P-value First 
instar 
95% 
Confidence 
interval 
Second 
& third 
instar 
P-value 
(Buffer) (gus) (Buffer) (gus) 
Buffer 2.4% 
0.4% - 
14.1% 
. 0.251 1.9% 
0.6% - 
6.0% 
98% . 0.734 
gus 6.2% 
1.1% - 
28.1% 
0.238 . 3.7% 
1.5% - 
8.6% 
96% 0.707 . 
dvssj1* 92.0% 
50.0% - 
99.2% 
0.019 0.030 58.3% 
27.3% - 
83.9% 
42% 0.021 0.026 
drosha 5.1% 
0.7% - 
29.1% 
0.553 0.997 11.1% 
3.9% - 
27.8% 
89% 0.149 0.321 
dcr-1 6.3% 
0.5% - 
45.7% 
0.733 1.000 1.1% 
0.0% - 
21.4% 
99% 0.998 0.860 
dcr-2 0.9% 
0.1% - 
11.3% 
0.730 0.236 3.1% 
0.5% - 
17.3% 
97% 0.973 1.000 
pasha 4.7% 
0.5% - 
30.5% 
0.770 0.994 3.4% 
0.5% - 
18.8% 
97% 0.940 1.000 
loqs 3.5% 
0.4% - 
26.4% 
0.982 0.872 7.0% 
1.9% - 
22.4% 
93% 0.354 0.800 
r2d2 7.9% 
1.1% - 
40.7% 
0.290 0.994 2.5% 
0.3% - 
19.8% 
98% 1.000 0.998 
ago1 6.9% 
1.0% - 
35.1% 
0.275 1.000 3.6% 
0.6% - 
19.6% 
96% 0.919 1.000 
ago2 1.6% 
0.2% - 
14.6% 
0.982 0.315 6.7% 
1.8% - 
21.5% 
93% 0.377 0.841 
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Table 5.2. Primers and amplification conditions used for production of WCR RNAs 
Species Sequence Name 
Sequence 
Length (bp) 
Sequence 
E
. 
c
o
li 
gus External IVT Forward 90 
taatacgactcactatagggTGGTGATTACCGACGAAAACGGCAAGAAAAAG
CAGTCTTACTTCCATGATTTCTTTAACTATGCCGGAAT 
gus External IVT Reverse 90 
taatacgactcactatagggATTCACCACTTGCAAAGTCCCGCTAGTGCCTT
GTCCAGTTGCAACCACCTGTTGATCCGCATCACGCAGT 
gus Internal IVT Forward 90 
TAACTATGCCGGAATCCATCGCAGCGTAATGCTCTACACCACGCCG
AACACCTGGGTGGACGATATCACCGTGGTGACGCATGTCGCGCA 
gus Internal IVT Reverse 90 
TCCGCATCACGCAGTTCAACGCTGACATCACCATTGGCCACCACCT
GCCAGTCAACAGACGCGTGGTTACAGTCTTGCGCGACATGCGTC 
gus-FRAG1 277 
GTGGTGATTACCGACGAAAACGGCAAGAAAAAGCAGTCTTACTTCC
ATGATTTCTTTAACTATGCCGGAATCCATCGCAGCGTAATGCTCTAC
ACCACGCCGAACACCTGGGTGGACGATATCACCGTGGTGACGCAT
GTCGCGCAAGACTGTAACCACGCGTCTGTTGACTGGCAGGTGGTG
GCCAATGGTGATGTCAGCGTTGAACTGCGTGATGCGGATCAACAG
GTGGTTGCAACTGGACAAGGCACTAGCGGGACTTTGCAAGTGGTG
AATG 
D
. 
v
ir
g
if
e
ra
 v
ir
g
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e
ra
 
drosha-FRAG1 External 
IVT Forward 
90 
taatacgactcactatagggTGGGCGACCACCAGTGGTACTATGACAACTTA
AACTATCCTCCACCTACACAAGCTCAATACAATCCCCA 
drosha-FRAG1 External 
IVT Reverse 
90 
taatacgactcactatagggTGGAGTCACCCAACAACAACACTTCGACTACA
GATATTCGCACTTGCAGTCCCAATATCAAACTACAGGC 
drosha-FRAG1 Internal IVT 
Forward 
90 
TCAATACAATCCCCACATTCCACCCCAATCTAGCCACTCTTATACGC
AGTGGTCTCAATCGCAACAGACATCTACGAACGTCTACAGTTA 
drosha-FRAG1 Internal IVT 
Reverse 
90 
GAACGTCTACAGTTATCCTCCAGTTCCTTCGTACCCTCCTCCTCCA
ATTCCTGCATCTTATATACCATCATCTTCTGGAGTCACCCAACA 
drosha-FRAG1 277 
GTGGGCGACCACCAGTGGTACTATGACAACTTAAACTATCCTCCAC
CTACACAAGCTCAATACAATCCCCACATTCCACCCCAATCTAGCCA
CTCTTATACGCAGTGGTCTCAATCGCAACAGACATCTACGAACGTC
TACAGTTATCCTCCAGTTCCTTCGTACCCTCCTCCTCCAATTCCTGC
ATCTTATATACCATCATCTTCTGGAGTCACCCAACAACAACACTTCG
ACTACAGATATTCGCACTTGCAGTCCCAATATCAAACTACAGGCG 
dcr-1-FRAG1 IVT Forward 40 taatacgactcactatagggACAAGTCCATTGTGTTCTCA 
dcr-1-FRAG1 IVT Reverse 40 taatacgactcactatagggTAGTCCAGAATTCCATTTTC 
dcr-1-FRAG1 502 
GACAAGTCCATTGTGTTCTCACAACAGATAAAATAAATAATATTTAG
AATAATTTTAATATATTTTAAATTGTATAAATGAAATAAGGTTCAAAA
GAAATCTCGGATTTTCATAATGTGTTGTGTTAAATGATAATAGATATT
AACCAAACTTTTTCCACTCCAAAGAGATATTTATCAAAATGGCAAGT
TATCATAATGAAAATGTATACACACATACATTCACTCCTAAAGAATAT
CAAGTTGAATTATTGGAATCTGCGAAAATCAAAAACACCATAATGTG
CTCCAGCACAAGTTGCGCCAAAGCTTTTATTCTTGTTAAGTTATTAC
AAGAATTTTCCTGGCAAATGCGAATTAAGAATGGTAAAAAAGCTCT
GTTTATCTTAGATCCACAGAATGTTCCGATTATGACCTCGCATATAA
AGTATCTAACAGATTTAAATTGTATTAGCATCATGGAATATACTCTT
GATGCCAAGGAAAATGGAATTCTGGACTAG 
dcr-2-FRAG1 IVT Forward 40 taatacgactcactatagggATGAGTAGCCAAGACTTGAT 
dcr-2-FRAG1 IVT Reverse 40 taatacgactcactatagggATAACTCTCGGAGGGTCAAT 
dcr-2-FRAG1 502 
GATGAGTAGCCAAGACTTGATTCCTAGGAACTATCAAGTTCTTTTGA
TGAAAATATGTCTTGAGCAAAATACTATTATTTATTTACCAACTGGG
TCTGGTAAAACATTTATAACTACAATGGTCCTAAAGCAAAAAGGAGA
AGACCTTTTAAAATCATACAGTGAGGGCGGTAAAATCTCTATAATCT
TAGTGAATACCGTAGCACTTGTTGATCAACATGGATCTTACATTACC
AATCATACAAGCTTCTCTGTTGGAAAATATACTGGTGAGATGAATCT
AGACTTCTGGCCAAGGACTAAATGGTTTAACGAGTTTAACCAATAT
CAAGTATTGATAATGACGTCACAAATTTTGGATAACCTATCCAGGAC
TGATTATATAGATTTGAACAAAGTTAATCTGTTGGTTTTTGATGAATG
CCATCGAGGCGTAAACGATCATACCATGAGAAATTTAATGAAACGA
TTTGAACATTTGATTGACCCTCCGAGAGTTATG 
pasha-FRAG1 External IVT 
Forward 
90 
taatacgactcactatagggTGTTGGAAGAGGCCTTGGAAAAACGGAAGAG
AAAAGCAGCAGATGCCGGGTTAGACGACGAAGAAATTCC 
pasha-FRAG1 External IVT 
Reverse 
90 
taatacgactcactatagggATTATCTAGGCCTTATTTTCTAGGTCCAGGTTC
AGCAAGAAAACACCATATACCTGTTAATGCCATACCA 
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Table 5.2. Continued 
Species Sequence Name 
Sequence 
Length (bp) 
Sequence 
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pasha-FRAG1 Internal IVT 
Forward 
90 
CGACGAAGAAATTCCATTCGAAGAAAAAAACAAGATCCTCTTAATTG
AAAAAGGACAAAACCACTTCGACGTTCTTCCAGAAGGGTGGAT 
pasha-FRAG1 Internal IVT 
Reverse 
90 
TCCAGAAGGGTGGATTCAAGTAACACACAATAGTGGAATGCCTATT
TATTTACAAAAAGTTTCTAGGGTTTGTTCATTATCTAGGCCTTA 
pasha-FRAG1 277 
TGTTGGAAGAGGCCTTGGAAAAACGGAAGAGAAAAGCAGCAGATG
CCGGGTTAGACGACGAAGAAATTCCATTCGAAGAAAAAAACAAGAT
CCTCTTAATTGAAAAAGGACAAAACCACTTCGACGTTCTTCCAGAA
GGGTGGATTCAAGTAACACACAATAGTGGAATGCCTATTTATTTACA
AAAAGTTTCTAGGGTTTGTTCATTATCTAGGCCTTATTTTCTAGGTC
CAGGTTCAGCAAGAAAACACCATATACCTGTTAATGCCATACCA 
loqs-FRAG1 External IVT 
Forward 
90 
taatacgactcactatagggTGGCCTCCATGCCGAGCAAGACTCCCGTCAG
CGTCCTCCAGGAGTTGCTGAGCCGTCGCGGCATCACTCC 
loqs-FRAG1 External IVT 
Reverse 
90 
taatacgactcactatagggCTTGCTGGATCTCTTGGTCGGAAAAGTGACTC
CCGAACAAGCCAATCAGACCAACGGAACGCCCGGAGCG 
loqs-FRAG1 Internal IVT 
Forward 
90 
TCGCGGCATCACTCCCAAATACGAACTGGTCCAAATCGAGGGCGC
CATCCACGAGCCAATCTTCCGCTACCGCGTGTTCCTTAACAACGA 
loqs-FRAG1 Internal IVT 
Reverse 
90 
GTTCCTTAACAACGATCTGGTGGCCACCGGAACCGGAAGATCGAA
GAAAGACGCCAAACATTCGGCAGCCAAGAACTTGCTGGATCTCTT 
loqs-FRAG1 277 
GTGGCCTCCATGCCGAGCAAGACTCCCGTCAGCGTCCTCCAGGAG
TTGCTGAGCCGTCGCGGCATCACTCCCAAATACGAACTGGTCCAA
ATCGAGGGCGCCATCCACGAGCCAATCTTCCGCTACCGCGTGTTC
CTTAACAACGATCTGGTGGCCACCGGAACCGGAAGATCGAAGAAA
GACGCCAAACATTCGGCAGCCAAGAACTTGCTGGATCTCTTGGTC
GGAAAAGTGACTCCCGAACAAGCCAATCAGACCAACGGAACGCCC
GGAGCGG 
r2d2-FRAG1 External IVT 
Forward 
90 
taatacgactcactatagggCCGTATTGTTTATTTTTATACAAAAGAATCTGAA
AATTGTAAATCTACACAAAAATGTCAAATCATGTCA 
r2d2-FRAG1 External IVT 
Reverse 
90 
taatacgactcactatagggTCTAGCAGCTTTAATGCATTGTATGCAGCATCA
TGTTTACTAATCTGCTTTGAGCAACCAGTACCAGTTG 
r2d2-FRAG1 Internal IVT 
Forward 
90 
TATGAGTAATTTCATAATGTGGTGATTGAAAGCCTTTCTTTATTGCC
AGCTCTTGAAGAACCATCGCCGGGGTTTTGACATGATTTGACA 
r2d2-FRAG1 Internal IVT 
Reverse 
90 
ATGAAATTACTCATAGTGTCACCGGAACTCATAACAATAGATTCGAT
TATAGAGTAAGAGTAGCCGGAGTGGAAGCAACTGGTACTGGTT 
r2d2-FRAG1 277 
GCCGTATTGTTTATTTTTATACAAAAGAATCTGAAAATTGTAAATCTA
CACAAAAATGTCAAATCATGTCAAAACCCCGGCGATGGTTCTTCAA
GAGCTGGCAATAAAGAAAGGCTTTCAATCACCACATTATGAAATTA
CTCATAGTGTCACCGGAACTCATAACAATAGATTCGATTATAGAGTA
AGAGTAGCCGGAGTGGAAGCAACTGGTACTGGTTGCTCAAAGCAG
ATTAGTAAACATGATGCTGCATACAATGCATTAAAGCTGCTAGAG 
ago1-FRAG1 External IVT 
Forward 
90 
taatacgactcactatagggTGCCTCCAGGTTGGCCAAGAACACAAGCACAC
ATACCTACCATTAGAAGTTTGCAACATTGTTGCGGGAC 
ago1-FRAG1 External IVT 
Reverse 
90 
taatacgactcactatagggAATTTCGGCGGGGGCAGGACCCTCCCTCTGA
CCTCCATCATGTTGTTGCTGATGGTCAGACCGAATTCTT 
ago1-FRAG1 Internal IVT 
Forward 
90 
TGTCCGGCGCCGATCTCGCTGTTGCTTTGATCATCGTCGAAGTCTG
CATGTCCGTTAACTTCTTGATACACCTTTGTCCCGCAACAATGT 
ago1-FRAG1 Internal IVT 
Reverse 
90 
GATCGGCGCCGGACAGAGAACGCGAAATCAACAACTTGGTCCGTC
GAGCCGACTTCAACAACGACGAGTACGTACAAGAATTCGGTCTGA 
ago1-FRAG1 277 
GTGCCTCCAGGTTGGCCAAGAACACAAGCACACATACCTACCATTA
GAAGTTTGCAACATTGTTGCGGGACAAAGGTGTATCAAGAAGTTAA
CGGACATGCAGACTTCGACGATGATCAAAGCAACAGCGAGATCGG
CGCCGGACAGAGAACGCGAAATCAACAACTTGGTCCGTCGAGCCG
ACTTCAACAACGACGAGTACGTACAAGAATTCGGTCTGACCATCAG
CAACAACATGATGGAGGTCAGAGGGAGGGTCCTGCCCCCGCCGA
AATTG 
ago2-FRAG1 External IVT 
Forward 
90 
taatacgactcactatagggTGGGTCCACATGGAGATGTACCACAACAACCT
AAATCGGCAAACGGGCAACAAAGGGGTGGACCACAACA 
ago2-FRAG1 External IVT 
Reverse 
90 
taatacgactcactatagggCAACATCATAGTGATAAGCCGTGTTTAATTTAC
CTAGCGCGAGGCTGAGATGATTCGTTTCTACGGGTAT 
ago2-FRAG1 Internal IVT 
Forward 
90 
TTGCAGTTCACTCATACGAGATGTCAATTCTTTAACAGAAGCTGTCT
GCTGCCTATCCTGAGGCCTACGCTGTTGTTGTGGTCCACCCCT 
ago2-FRAG1 Internal IVT 
Reverse 
90 
ATGAGTGAACTGCAAGCTGGTCCACTTGTACCTATGAGGTTAAGAA
ACCCTGAACCTGGAAAAGCAGGTCGCAAAATACCCGTAGAAACG 
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Table 5.2. Continued 
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Sequence 
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 ago2-FRAG1 277 
GTGGGTCCACATGGAGATGTACCACAACAACCTAAATCGGCAAAC
GGGCAACAAAGGGGTGGACCACAACAACAGCGTAGGCCTCAGGAT
AGGCAGCAGACAGCTTCTGTTAAAGAATTGACATCTCGTATGAGTG
AACTGCAAGCTGGTCCACTTGTACCTATGAGGTTAAGAAACCCTGA
ACCTGGAAAAGCAGGTCGCAAAATACCCGTAGAAACGAATCATCTC
AGCCTCGCGCTAGGTAAATTAAACACGGCTTATCACTATGATGTTG
G 
miR-1 22 TGGAATGTAAAGAAGTATGGAG 
miR-8 22 CATCTTACCGGGCAGCATTAGA 
miR-276 22 TAGGAACTTCATACCGTGCTCT 
miR-277 23 TAAATGCACTATCTGGTACGACA 
miR-3761 22 TCGTTTCCCGGGCAGTGCACCA 
cDNA PCR Conditions 
Step 
No. 
Step Temp (oC) Time (min) 
1 Incubation 94 2 
2 Denature 94 0.5 
3 Anneal 42 0.5 
4 Extend* 68 1 
5 Repeat cycle from 2 x8 
6 Denature 94 0.5 
7 Anneal 65 0.5 
8 Extend* 68 1 
9 Repeat cycle from 6 x30 
10 Final Elongation 68 10 
11 Cool & Hold 4 hold 
Overlapping Primer PCR Conditions 
Step 
No. 
Step Temp (oC) Time (min) 
1 
Primer incubations 
94 2 
2 50 5 
3 94 0.5 
4 50 5 
5 Denature 94 0.5 
6 Anneal 60 0.5 
7 Extend* 72 0.75 
8 Repeat cycle from 5 x35 
9 Final Elongation 75 5 
10 Cool & Hold 4 hold 
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CHAPTER 6.  GENERAL CONCLUSION 
 
Summary 
In the preceding studies, key RNA interference (RNAi) machinery of the micro- (mi-) and 
small interfering (si-) RNA pathways were explored in the agricultural insect pests western corn 
rootworm (WCR), fall armyworm (FAW), and southern green stink bug (SGSB).  These pests represent 
three phylogenetic orders that typically have different reactions to exogenously introduced RNA: 
Coleoptera, Lepidoptera, and Hemiptera, respectively (reviewed in Chapter 1).  Coleoptera have a 
robust response in which an oral presentation of exogenous RNA complementary to essential insect 
genes causes mortality via the RNAi mechanism, known as environmental RNAi (eRNAi).  On the 
other hand, Lepidoptera and Hemiptera often exhibit variable or no response.  Due to the same high 
genotypic plasticity resulting in varied response to exogenous RNAs, it has also been postulated that 
insects may be able to develop resistance to transgenic crops expressing insecticidal RNAs (reviewed 
in Chapter 1).  In the studies presented here, the RNAi machinery of WCR, FAW, and SGSB were 
examined in the context of differences in response to exogenous RNAs, and the WCR genes were 
evaluated for contribution to a potential resistance mechanism against eRNAi. 
Putative homologues of the proteins known to be directly involved in facilitating RNAi in 
Drosophila melanogaster (common fruit fly) were identified and compared across WCR, FAW, and 
SGSB to determine whether differences exist that could influence insect response to exogenous RNAs 
(Chapter 2).  Homologues for all eight genes were found in each insect, including those that encode for 
the ribonuclease III (RNaseIII) family member proteins Drosha, Dicer-1 (DCR-1), and Dicer-2 (DCR-
2), their double-stranded RNA (dsRNA) binding protein (dsRBP) partners Pasha, Loquacious (LOQS), 
and R2D2, and two argonaute family member proteins Argonaute 1 (AGO1), and Argonaute 2 (AGO2).  
Isoform identification was also employed, as were tools to examine features of translated amino acid 
sequences.  Reconstruction of the phylogenetic relationship between pest and reference sequences, 
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along with protein domain and nuclear localization signal prediction, indicated that putative 
homologues are very similar to those previously described for D. melanogaster.  Expression analysis 
across each insect’s life cycle and direct comparison of expression level at a field-relevant life stage 
also revealed many similarities.  The most substantial deviations in number of sequences, sequence 
length, phylogenetic clustering, domain presence, and gene expression occurred in the dsRBPs and 
AGOs. 
In order to determine whether small RNA (sRNA) products of the core RNAi machinery similar 
to those found in D. melanogaster could be observed in WCR, FAW, and SGSB, sRNA sequencing 
experiments were performed across the life cycles of each insect (Chapter 4).  Length distribution 
profiles indicated peaks from 21-24 nucleotides (nt) in all three insects and from 26-28 nt in WCR and 
FAW.  RNAs ranging from 21-24 nt in D. melanogaster correspond to miRNAs and siRNAs, while a 
size range of 26-31 nt corresponds to piRNAs, suggesting the presence of these sRNA species in WCR, 
FAW, and SGSB.  Sequencing results were then screened against a database to confirm the presence 
of conserved miRNAs.  A large diversity of miRNAs was observed between the three pests, ranging 
from detection in one life stage of one insect to detection in all life stages of all three.  Variation within 
insect across life stages and across insects was observed in the relative abundance of 21-24 nt and 26-
31 nt sRNAs, as well as in the number and type of conserved miRNAs. 
To assess the hypothesis that lowered expression of core RNAi machinery is a viable route 
through which insects may become resistant to exogenous dsRNAs, laboratory experiments were 
performed in which each of the eight WCR genes was targeted for knockdown (Chapter 5).  Focus was 
placed on evaluation of fitness costs specifically in WCR due to the imminent commercialization of 
transgenic maize expressing an insecticidal RNA for rootworm control [1].  Newly-hatched WCR 
larvae treated with a single dose of dsRNA showed minimal phenotypic effects seven days post-
exposure, where only drosha and loqs knockdown insects exhibited slight growth inhibition.  However, 
knockdown of all genes except dcr-2 affected expression levels of five highly conserved miRNAs found 
to be expressed throughout the WCR life cycle and thought to participate in a wide range of unrelated 
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biological activities (Chapter 4).  Older WCR larvae treated with a single dose of dsRNA against all 
core machinery genes except loqs displayed multiple phenotypic defects, including decreased mass, 
inability to pupate, reduced adult emergence, malformations of adult structures, and diminished egg 
production.  Expression changes in the five conserved miRNAs largely disappeared by 12 days post-
treatment, and in target genes by 45 days post-treatment. 
 
Conclusions 
Core machinery of the mi- and siRNA pathways in WCR, FAW, and SGSB may contribute to 
differences in the function of RNAi pathways, and therefore to differences in response to 
exogenous dsRNAs. 
Based on evaluation of these putative homologues, the pathways are intact in all three insects.  
The complete absence of any one protein can be discounted as a contributing factor to differences in 
eRNAi response.  Additionally, translations of the homologues were predicted to contain highly 
conserved domains necessary for proper function of the D. melanogaster proteins.  Detection of 
conserved miRNAs, including two requiring siRNA pathway components for maturation in D. 
melanogaster [2, 3], indicate that these proteins are also operational in each insect—at least to the extent 
of their involvement in miRNA biology.  The most consistent differences observed between WCR 
(robust eRNAi) and the other two insects (weak RNAi) occurred in the dsRBP transcripts loqs and 
r2d2.  The protein products of these genes have been demonstrated to modulate the activities of DCR-
1 and DCR-2 in different ways (reviewed in Chapters 1 and 2), and could play a role in directing 
species-specific differential processing of exogenous RNAs. 
A follow-up study may include more detailed functional analysis of the proteins.  Part one of 
such a study could focus on potential contributions of subtler changes in conserved protein domains.  It 
has previously been reported that the PIWI, AGO, and Zwille (PAZ) domain of DCR-2 showed the 
least sequence conservation across five species that respond differently to ingested dsRNAs, including 
D. melanogaster [4].  However, it has been shown in D. melanogaster that highly conserved domains 
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within these proteins do not show evidence of positive selective pressure [5].  Moreover, because 
lowered PAZ domain conservation was observed in three dipteran insects, it is unclear whether these 
changes have more to do with the degree of phylogenetic separation between the species analyzed than 
any functional differences in the enzymes.  To draw firmer conclusions, such an analysis would benefit 
from inclusion of a greatly increased number of sequences from diverse insect taxa and responses to 
exogenous RNA.  A second interesting example from the current study is the absence of a predicted 
MID domain in the FAW and SGSB sequences; complete absence of this domain would be unusual, 
but this region could contain relevant sequence changes that prevented classification by domain 
prediction software.  The MID domain is responsible for recognition of the 5’-terminal phosphate of 
silencing RNAs, and structural and biochemical studies of the Thermus thermophilus AGO protein 
bound to a guide strand have shown that mutations in this domain are deleterious to cleavage activity 
of the RNA-induced silencing complex (RISC) [6, 7].  In addition to the homologues presented here, 
many other studies in recent years have identified putative homologues of the core RNAi machinery in 
various insect species [8-15], so there may now be enough information to conduct a thorough 
comparative analysis. 
Part two of a functional follow-up study might include measuring the response of pathway 
components to introduction of exogenous RNAs.  In three previous studies, dcr-2 and ago2 were found 
to be upregulated in response to dsRNA injection in the lepidopterans Manduca sexta and Bombyx 
mori, and to ingestion of dsRNA in plant vascular tissues by the hemipteran Nilaparvata lugens [16, 
17].  Though injection or feeding of naked dsRNAs may not provoke a response due to a variety of 
potential factors in FAW and SGSB (reviewed in Chapter 1), injection of protected RNAs (reviewed in 
Chapter 1) could be a viable alternative for confirming pathway proteins are not only present and 
functional in sRNA biogenesis, but respond similarly to exogenous RNAs across these three insects.  
Detection of expression changes in future FAW and SGSB injection experiments could be accurately 
measured by the methods provided here (Chapters 2 and 3).  Alternatively, highly sensitive assays could 
be developed using the procedure outlined for detection of WCR genes (Chapter 3). 
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The WCR mi- and siRNA core machinery are unlikely contributors to the development of 
resistance to insecticidal RNAs due to fitness costs upon transcript suppression.   
Previous studies have shown that knockdown of dcr-2 and ago2 transcripts confers protection 
to adult WCR against an exogenous insecticidal RNA, and further, that suppression of RNAi pathway 
genes had no measurable phenotypic effect on larvae (dcr-2, ago2) or adults (drosha, dcr-1, dcr-2, 
ago2, ago3, aub) [18-20].  The siRNA machinery—and under certain circumstances perhaps the 
miRNA machinery—participate in fly antiviral immunity (reviewed in Chapters 1 and 2).  Additionally, 
all eight core machinery genes have been found in D. melanogaster to play roles in normal development 
of fit embryos and/or formation of viable reproductive organs and gametes (reviewed in Chapter 5).  
Given analogous roles in WCR, conditions in previously reported studies may not have been optimal 
to observe the true impact of transcript depletion for each gene.  In agreement with previous 
observations in fly, gene knockdown in the WCR laboratory bioassays conducted here significantly 
impacted both metamorphosis and egg production (Chapter 5).  Despite no phenotypic effects observed 
in older larvae as a result of knockdown in young larvae, changes in the expression of conserved 
miRNAs were measurable—including two that mature using components of the siRNA pathway.  These 
changes could manifest as organism instability under field conditions, where exposure to variations in 
temperature, moisture, food quality, and entomopathogens would emphasize survival deficiencies [21].  
The combined approach of monitoring gene knockdown effects across multiple insect life stages and 
analyzing sRNA production has provided a more accurate assessment of the importance of these genes 
in WCR. 
Interestingly, knockdown of loqs caused the least effect on phenotype and miRNA expression 
levels despite exhibiting the greatest suppression.  This protein has been found to participate with R2D2 
and DCR-2 in the siRNA pathway, where it promotes dsRNA processing by DCR-2 while R2D2 
promotes siRNA strand selection by AGO2 [22].  LOQS has also been found to direct localization of 
DCR-2 in B. mori cells [23].  Further clarification of the importance of LOQS and its potential 
contribution to resistance in WCR would best involve bioassay designs that caused persistent, life-long 
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transcript knockdown, and subsequently exposed insects to a variety of field-relevant conditions as well 
as insecticidal RNAs.  This may resolve the likelihood of loqs promoting a resistance mechanism, and 
reveal further detrimental effects of knockdown of the other core machinery genes were they to be 
evaluated in a similar manner.  A recently developed protocol for germline transformation in WCR 
may be an alternative approach to genetically dissect the RNAi pathways at the whole-organism level, 
similar to what has been done extensively for D. melanogaster and for study of the eRNAi response in 
Tribolium castaneum [24, 25]. 
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APPENDIX A 
NEXT-GENERATION SEQUENCING METRICS FOR GENE EXPRESSION 
PROFILING EXPERIMENTS 
 
Sequencing of the western corn rootworm (WCR), fall armyworm (FAW), and southern 
green stink bug (SGSB) life stage gene expression profiling samples collectively generated 
approximately 595, 654, and 486 million reads, respectively.  Read depth per sample is shown for the 
samples in each experiment in Tables A1-A3.  Five samples across the three experiments failed to 
generate a minimum of five million reads and were automatically removed from further downstream 
use (data not shown).  Each dataset was aligned to an internal proprietary complementary DNA 
(cDNA) reference, and success of the alignment and overall agreement between sample replicates 
was evaluated.  Displayed in Tables A1-A3 are alignment percentages for each sample.  To enable 
visualization and manipulation, estimated count values and associated gene entries were loaded into 
Genedata Analyst (v. 9.1) (Genedata AG, Basel, Switzerland).  Several comparative analyses were 
performed to show both the agreement of overall gene expression within sample type, and the 
relationship across sample types.  Results of normalized count value box plots and assessment of 
Pearson correlation coefficients (PCCs) for the WCR, FAW, and SGSB samples are displayed in 
Figures A1, A3, and A5.  One sample across the three experiments was removed from further analysis 
for poor correlation with other replicates of the same sample type (PCC<0.90, data not shown).  
Hierarchical cluster analysis (HCA) shows good agreement within sample type for each experiment; 
there is complete association of all sample replicates within each sample type for the FAW and SGSB 
experiments (Figures A2, A4, and A6). 
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Table A1. Sequencing depth and reference alignment for WCR gene expression 
profiling samples 
Sample Type Replicate 
Single 
Read 
Count 
Unique 
Alignments 
Multiple 
Alignments 
Total 
Aligned 
Failed 
Alignments 
Percent (%) 
1 Early egg Rep01 13,614,684 35.3 33.5 68.8 31.2 
1 Early egg Rep03 10,241,655 38.8 32.3 71.2 28.8 
1 Early egg Rep02 16,560,776 40.2 35.5 75.7 24.3 
2 Mid egg Rep03 14,627,117 33.7 38.2 71.9 28.1 
2 Mid egg Rep02 12,145,169 38.9 33.7 72.6 27.4 
2 Mid egg Rep01 22,110,551 39.8 36.1 75.9 24.1 
3 Late egg Rep02 24,495,645 33.1 29.9 62.9 37.1 
3 Late egg Rep01 19,667,265 34.3 31.8 66.1 33.9 
3 Late egg Rep03 8,044,769 33.2 34.7 67.9 32.1 
3 Late egg Rep04 16,662,434 35.8 33.4 69.3 30.7 
4 Neonate Rep01 9,208,415 29.6 45.7 75.3 24.7 
4 Neonate Rep02 11,611,190 32.0 47.2 79.2 20.8 
4 Neonate Rep03 11,467,965 32.9 49.3 82.1 17.9 
5 First & second instar Rep03 9,696,960 31.7 45.0 76.7 23.3 
5 First & second instar Rep02 10,204,051 32.0 44.9 76.9 23.1 
5 First & second instar Rep01 12,961,868 32.7 45.9 78.6 21.4 
6 Third instar Rep03 8,889,009 23.7 61.0 84.6 15.4 
6 Third instar Rep02 7,258,353 24.8 61.6 86.4 13.6 
6 Third instar Rep01 7,878,868 24.4 63.5 87.9 12.1 
7 Mid pupa Rep03 13,901,316 32.3 37.3 69.7 30.3 
7 Mid pupa Rep02 11,135,486 31.3 39.4 70.7 29.3 
7 Mid pupa Rep01 7,208,851 31.6 42.4 73.9 26.1 
8 Late pupa Rep01 10,991,929 32.1 35.4 67.5 32.5 
8 Late pupa Rep02 11,832,568 33.0 34.8 67.8 32.2 
9 Unmated male Rep01 10,559,450 31.4 42.5 73.9 26.1 
9 Unmated male Rep03 10,804,335 29.4 47.3 76.7 23.3 
9 Unmated male Rep02 23,297,672 34.8 43.1 77.9 22.1 
10 Mated male Rep04 8,958,031 27.8 44.3 72.1 27.9 
10 Mated male Rep01 8,856,770 29.8 42.7 72.5 27.5 
10 Mated male Rep03 13,809,440 29.8 43.0 72.8 27.2 
10 Mated male Rep02 14,303,140 30.2 42.9 73.1 26.9 
11 Late mated male Rep02 15,082,528 29.5 44.1 73.6 26.4 
11 Late mated male Rep03 16,097,698 28.9 46.8 75.8 24.2 
11 Late mated male Rep04 13,755,459 29.9 46.0 76.0 24.0 
11 Late mated male Rep01 18,219,088 29.2 47.4 76.7 23.3 
12 Unmated female Rep03 18,163,875 31.6 43.6 75.2 24.8 
12 Unmated female Rep04 6,068,738 30.4 46.0 76.4 23.6 
12 Unmated female Rep02 10,177,106 33.4 46.5 79.9 20.1 
13 Mated female Rep03 12,006,888 30.0 43.7 73.7 26.3 
13 Mated female Rep01 11,894,927 31.5 42.9 74.4 25.6 
13 Mated female Rep02 9,165,328 29.7 45.2 74.9 25.1 
14 Pregnant female Rep04 21,763,333 33.9 35.1 69.0 31.0 
14 Pregnant female Rep02 15,892,786 33.4 39.2 72.6 27.4 
14 Pregnant female Rep03 16,439,086 34.6 40.0 74.6 25.4 
14 Pregnant female Rep01 17,363,982 33.5 44.0 77.5 22.5 
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Figure A1.  Box plot (A) and Pearson correlation (B) of each sample within the WCR life stage gene 
expression profiling experiment.  Correlation coefficients of 1.00 correspond to red, of 0.90-1.00 
to black, and of <0.90 to green. 
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Figure A2.  Hierarchical cluster analysis of each sample within the WCR life stage gene expression profiling 
experiment. 
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Table A2. Sequencing depth and reference alignment for FAW gene expression 
profiling samples 
Sample Type Replicate 
Single 
Read 
Count 
Unique 
Alignments 
Multiple 
Alignments 
Total 
Aligned 
Failed 
Alignments 
Percent (%) 
1 Early egg Rep01 18,312,949 23.8 58.0 81.8 18.2 
1 Early egg Rep02 14,312,530 23.9 58.1 82.0 18.0 
1 Early egg Rep03 19,623,894 24.1 60.2 84.3 15.7 
1 Early egg Rep04 15,065,641 22.4 61.1 83.5 16.5 
2 Late egg Rep01 14,896,211 22.6 57.5 80.1 19.9 
2 Late egg Rep02 14,741,195 22.7 57.6 80.3 19.7 
2 Late egg Rep03 17,166,838 22.4 57.7 80.1 19.9 
2 Late egg Rep04 15,338,984 22.8 55.7 78.5 21.5 
3 First instar Rep01 19,354,416 18.9 66.3 85.2 14.8 
3 First instar Rep02 17,390,093 18.9 65.5 84.4 15.6 
3 First instar Rep03 21,224,456 19.0 65.7 84.7 15.3 
3 First instar Rep04 26,755,016 19.0 65.8 84.8 15.2 
4 Third instar Rep01 19,063,839 18.1 66.9 84.9 15.1 
4 Third instar Rep02 21,891,866 18.0 66.5 84.5 15.5 
4 Third instar Rep03 15,453,728 18.2 67.4 85.6 14.4 
4 Third instar Rep04 22,938,319 18.3 67.8 86.2 13.8 
5 Sixth instar Rep01 17,122,329 16.6 70.3 86.9 13.1 
5 Sixth instar Rep02 19,684,611 16.5 70.3 86.8 13.2 
5 Sixth instar Rep03 20,333,504 16.8 70.4 87.2 12.8 
5 Sixth instar Rep04 19,097,093 16.5 70.9 87.4 12.6 
6 Male pupa Rep01 13,183,251 26.3 57.6 83.9 16.1 
6 Male pupa Rep02 11,588,121 25.8 59.3 85.1 14.9 
6 Male pupa Rep03 12,413,132 25.4 57.8 83.2 16.8 
6 Male pupa Rep04 12,651,673 25.7 59.5 85.2 14.8 
7 Female pupa Rep01 16,305,951 24.8 58.2 82.9 17.1 
7 Female pupa Rep02 11,384,089 25.1 58.5 83.6 16.4 
7 Female pupa Rep03 14,173,313 24.5 57.7 82.2 17.8 
7 Female pupa Rep04 12,224,474 24.1 60.1 84.1 15.9 
8 Adult male Rep01 18,708,724 25.3 53.3 78.5 21.5 
8 Adult male Rep02 17,303,242 25.9 53.6 79.5 20.5 
8 Adult male Rep03 17,844,687 25.8 53.9 79.7 20.3 
8 Adult male Rep04 17,941,033 25.6 54.1 79.7 20.3 
9 Adult female Rep01 22,509,878 23.8 61.4 85.3 14.7 
9 Adult female Rep02 16,595,066 24.2 60.5 84.7 15.3 
9 Adult female Rep03 12,957,149 24.1 60.7 84.8 15.2 
9 Adult female Rep04 13,500,257 23.9 60.3 84.2 15.8 
10 Pregnant female Rep01 14,727,261 24.3 59.4 83.8 16.2 
10 Pregnant female Rep03 12,507,766 23.9 60.6 84.5 15.5 
10 Pregnant female Rep04 15,757,026 24.6 59.3 83.9 16.1 
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Figure A3.  Box plot (A) and Pearson correlation (B) of each sample within the FAW life stage gene 
expression profiling experiment.  Correlation coefficients of 1.00 correspond to red, of 0.90-1.00 
to black, and of <0.90 to green. 
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Figure A4.  Hierarchical cluster analysis of each sample within the FAW life stage gene expression profiling 
experiment. 
  
195 
Table A3. Sequencing depth and reference alignment for SGSB gene expression 
profiling samples 
Sample Type Replicate 
Single 
Read 
Count 
Unique 
Alignments 
Multiple 
Alignments 
Total 
Aligned 
Failed 
Alignments 
Percent (%) 
1 Early egg Rep01 10,689,561 42.9 41.0 84.0 16.0 
1 Early egg Rep02 13,073,509 43.7 41.0 84.7 15.3 
1 Early egg Rep03 12,297,634 43.3 41.2 84.5 15.5 
1 Early egg Rep04 12,401,728 42.9 41.2 84.1 15.9 
2 Late egg Rep01 10,908,922 38.1 47.9 86.0 14.0 
2 Late egg Rep02 10,228,831 41.4 45.2 86.6 13.4 
2 Late egg Rep03 12,198,524 36.4 49.5 85.9 14.1 
2 Late egg Rep04 9,333,290 36.3 48.9 85.2 14.8 
3 First instar Rep01 14,120,145 37.0 48.8 85.8 14.2 
3 First instar Rep02 11,144,786 38.2 47.4 85.6 14.4 
3 First instar Rep03 15,977,457 36.8 49.3 86.1 13.9 
3 First instar Rep04 16,587,990 37.9 47.2 85.1 14.9 
4 Second instar Rep01 11,259,690 33.1 55.5 88.6 11.4 
4 Second instar Rep02 10,079,774 32.6 57.1 89.7 10.3 
4 Second instar Rep03 11,485,999 32.9 56.1 89.0 11.0 
4 Second instar Rep04 8,498,395 32.7 56.7 89.3 10.7 
5 Third instar Rep01 8,202,160 32.9 56.5 89.4 10.6 
5 Third instar Rep02 8,493,289 33.7 55.8 89.4 10.6 
5 Third instar Rep03 9,087,628 32.3 57.3 89.6 10.4 
5 Third instar Rep04 7,111,558 33.1 56.6 89.7 10.3 
6 Fifth instar Rep01 9,527,355 34.8 53.3 88.1 11.9 
6 Fifth instar Rep02 11,000,675 35.2 53.0 88.2 11.8 
6 Fifth instar Rep03 12,209,878 35.1 52.5 87.6 12.4 
6 Fifth instar Rep04 27,754,064 34.6 52.7 87.3 12.7 
7 Adult male Rep01 14,320,293 36.3 52.0 88.3 11.7 
7 Adult male Rep02 18,722,490 35.5 53.2 88.7 11.3 
7 Adult male Rep03 13,543,838 35.8 52.3 88.2 11.8 
7 Adult male Rep04 16,969,002 35.9 52.7 88.6 11.4 
8 Adult female Rep01 16,143,240 35.1 53.1 88.1 11.9 
8 Adult female Rep02 17,320,642 34.9 53.4 88.3 11.7 
8 Adult female Rep03 17,350,716 34.8 53.4 88.2 11.8 
8 Adult female Rep04 16,550,778 34.4 54.6 89.0 11.0 
9 Pregnant female Rep01 18,412,922 30.3 40.7 71.1 28.9 
9 Pregnant female Rep02 14,309,160 30.9 40.6 71.4 28.6 
9 Pregnant female Rep03 18,179,543 31.2 41.5 72.7 27.3 
9 Pregnant female Rep04 20,388,610 31.3 41.8 73.1 26.9 
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Figure A5. Box plot (A) and Pearson correlation (B) of each sample within the SGSB life stage gene 
expression profiling experiment.  Correlation coefficients of 1.00 correspond to red, of 0.90-1.00 
to black, and of  <0.90 to green. 
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Figure A6. Hierarchical cluster analysis of each sample within the SGSB life stage gene expression profiling 
experiment. 
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APPENDIX B 
NEXT-GENERATION SEQUENCING METRICS FOR SMALL RNA PROFILING 
EXPERIMENTS 
 
 
Sequencing of the western corn rootworm (WCR), fall armyworm (FAW), and southern 
green stink bug (SGSB) life stage small RNA (sRNA) profiling samples collectively generated 
approximately 75.5, 164, and 105 million reads, respectively.  Read depth per sample is shown for the 
samples in each experiment in Tables B1-B3.  Two samples across the three experiments failed to 
generate a minimum of one million reads even after re-sequencing, but were still included in 
downstream analyses.  Each dataset was aligned to a database composed of microRNAs from public 
repositories and literature articles; alignment and hits to the database for each sample are shown in 
Tables B1-B3. 
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Table B1. Sequencing depth and reference alignment for WCR small RNA profiling 
samples 
Sample Type Replicate 
Single Read 
Count 
Short 
Removed 
Empty 
Removed 
Available 
Total 
Aligned Reference 
Hits (#) 
Percent (%) 
1 Early egg Rep01 829,189 24.7 0.1 75.2 0.9 92 
1 Early egg Rep02 912,753 35.3 0.0 64.5 0.2 71 
1 Early egg Rep03 1,499,099 29.5 1.5 0.7 0.1 91 
2 Late egg Rep01 1,424,341 22.0 0.0 78.0 1.1 132 
2 Late egg Rep02 1,379,324 19.9 0.0 80.1 1.1 134 
2 Late egg Rep03 2,182,678 45.7 0.0 54.3 1.1 127 
3 First instar Rep01 1,255,475 45.0 0.1 54.9 4.6 191 
3 First instar Rep02 1,178,170 57.8 0.1 42.1 9.8 190 
3 First instar Rep03 2,466,845 51.9 0.1 48.1 8.5 213 
4 Second instar Rep01 1,071,413 60.0 0.2 39.9 11.6 162 
4 Second instar Rep02 1,524,834 53.2 0.2 46.6 9.3 173 
4 Second instar Rep03 1,398,232 52.6 0.3 47.1 11.6 197 
5 Third instar Rep01 1,071,606 9.6 0.2 90.2 8.9 160 
5 Third instar Rep02 1,823,660 10.8 0.2 89.0 7.6 169 
5 Third instar Rep03 1,161,184 8.0 0.1 91.8 7.5 168 
5 Third instar Rep04 2,193,493 5.0 0.1 94.9 7.0 188 
5 Third instar Rep05 1,265,131 7.1 0.2 92.7 7.7 168 
6 Pupa Rep01 2,868,966 47.6 0.2 52.2 8.3 222 
6 Pupa Rep02 2,712,872 34.6 0.5 65.0 10.9 241 
6 Pupa Rep03 1,663,915 43.0 0.4 56.5 9.5 208 
7 Adult male Rep01 6,200,206 40.3 0.1 59.7 8.9 240 
7 Adult male Rep02 2,505,505 51.7 0.5 47.8 17.4 224 
7 Adult male Rep03 3,434,770 55.1 0.2 44.7 20.1 228 
8 Adult female Rep01 1,016,761 77.1 1.8 21.2 13.2 140 
8 Adult female Rep02 1,081,285 72.6 0.8 26.6 30.4 308 
8 Adult female Rep03 1,792,968 81.2 1.4 17.4 17.0 160 
9 Pregnant female Rep01 1,532,374 63.8 0.2 36.0 7.9 167 
9 Pregnant female Rep02 10,580,860 37.8 0.7 61.5 5.7 275 
9 Pregnant female Rep03 12,142,696 53.1 0.2 46.7 8.0 275 
  
  
200 
 
Table B2. Sequencing depth and reference alignment for FAW small RNA profiling 
samples 
Sample Type Replicate 
Single Read 
Count 
Short 
Removed 
Empty 
Removed 
Available 
Total 
Aligned Reference 
Hits (#) 
Percent (%) 
1 Early egg Rep01 1,611,847 2.1 0.0 97.9 7.3 209 
1 Early egg Rep02 3,916,951 2.3 0.0 97.7 7.1 241 
1 Early egg Rep03 2,435,277 2.0 0.0 98.0 7.5 206 
2 Late egg Rep01 5,950,549 23.6 0.0 76.4 23.6 357 
2 Late egg Rep02 11,338,027 28.5 0.0 71.4 23.3 351 
2 Late egg Rep03 5,386,795 27.9 0.0 72.1 19.6 316 
3 First instar Rep01 13,733,871 65.6 0.0 34.4 13.7 323 
3 First instar Rep02 1,322,252 56.6 0.1 43.4 22.2 252 
3 First instar Rep03 9,288,706 63.3 0.1 36.5 14.5 332 
4 Third instar Rep01 3,406,406 41.2 0.0 58.8 5.4 293 
4 Third instar Rep02 3,452,672 41.8 0.0 58.2 4.7 281 
4 Third instar Rep03 6,179,453 27.2 0.0 72.8 3.1 285 
4 Third instar Rep01 1,857,239 29.2 0.0 70.8 6.4 272 
4 Third instar Rep02 2,582,814 23.0 0.0 77.0 4.8 279 
5 Sixth instar Rep03 1,343,824 76.5 0.1 23.5 3.3 223 
5 Sixth instar Rep04 4,443,227 79.5 0.0 20.5 2.8 246 
5 Sixth instar Rep05 2,611,348 76.0 0.0 24.0 3.2 222 
6 Pupa Rep01 7,934,335 14.6 1.2 84.2 50.8 301 
6 Pupa Rep02 2,519,135 20.4 0.5 79.2 40.4 279 
6 Pupa Rep03 4,614,248 15.7 1.4 82.9 49.4 277 
8 Adult male Rep01 1,524,214 16.3 0.1 83.7 53.7 281 
8 Adult male Rep02 10,029,714 21.7 0.3 78.0 50.9 333 
8 Adult male Rep03 5,909,633 28.7 0.1 71.2 46.3 324 
9 Adult female Rep01 10,648,406 11.0 0.0 89.0 18.4 367 
9 Adult female Rep02 9,059,161 8.0 0.0 92.0 19.6 362 
9 Adult female Rep03 2,330,777 10.1 0.1 89.8 20.0 284 
10 Pregnant female Rep01 11,166,498 14.3 0.0 85.7 16.1 357 
10 Pregnant female Rep02 8,790,032 9.4 0.0 90.6 20.3 346 
10 Pregnant female Rep03 8,835,040 11.1 0.0 88.9 21.8 349 
  
  
201 
Table B3. Sequencing depth and reference alignment for SGSB small RNA profiling 
samples 
Sample Type Replicate 
Single Read 
Count 
Short 
Removed 
Empty 
Removed 
Available 
Total 
Aligned Reference 
Hits (#) 
Percent (%) 
1 Early egg Rep01 1,853,718 7.1 0.2 92.7 46.2 142 
1 Early egg Rep02 2,763,659 13.9 0.0 86.1 12.6 208 
1 Early egg Rep03 3,143,021 7.5 0.2 92.4 32.4 163 
2 Late egg Rep01 1,329,024 22.5 0.0 77.5 25.4 143 
2 Late egg Rep02 5,999,621 28.3 0.1 71.7 24.3 187 
2 Late egg Rep03 6,953,336 26.7 0.1 73.3 33.7 179 
3 First instar Rep01 1,781,309 9.8 0.2 90.1 56.1 99 
3 First instar Rep02 1,604,399 6.2 0.3 93.5 70.7 105 
3 First instar Rep03 2,196,015 12.7 0.1 87.3 54.9 116 
4 Second instar Rep01 2,680,507 17.3 0.3 82.4 48.2 165 
4 Second instar Rep02 2,373,624 19.0 0.3 80.7 47.7 163 
4 Second instar Rep03 2,014,599 14.4 0.4 85.2 56.5 158 
5 Third instar Rep01 2,980,175 2.8 0.0 97.2 21.5 211 
5 Third instar Rep02 1,085,296 1.5 0.0 98.5 11.6 169 
5 Third instar Rep03 2,297,628 3.6 0.0 96.4 19.4 198 
5 Third instar Rep04 1,043,740 1.2 0.0 98.8 7.9 147 
5 Third instar Rep05 2,373,456 3.0 0.0 96.9 21.8 200 
6 Fifth instar Rep01 8,869,560 47.8 0.1 52.2 5.4 166 
6 Fifth instar Rep02 19,712,355 40.8 0.0 59.2 8.2 201 
6 Fifth instar Rep03 5,221,405 44.7 0.1 55.2 6.9 138 
7 Adult male Rep01 6,607,878 43.4 0.0 56.5 3.8 156 
7 Adult male Rep02 4,133,624 48.9 0.1 51.1 3.9 131 
7 Adult male Rep03 1,731,806 46.1 0.1 53.8 3.4 112 
8 Adult female Rep01 3,521,318 39.5 0.1 60.4 4.0 139 
8 Adult female Rep02 2,475,469 38.0 0.1 62.0 4.3 123 
8 Adult female Rep03 1,143,710 38.9 0.1 61.1 4.6 113 
9 Pregnant female Rep01 2,823,003 43.4 0.1 56.5 5.6 108 
9 Pregnant female Rep02 3,925,516 35.1 0.0 64.9 2.8 130 
9 Pregnant female Rep03 32,613,703 41.4 0.0 58.6 3.4 202 
  
